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SUMMARY

Here, we have characterized human STIL (SCL/TAL1 interrupting locus), a distant
member of the Drosophila Ana2 and C. elegans SAS-5 family of centriole duplication
factors and a protein, which causes autosomal recessive primary microcephaly
(MCPH) when mutated in patients. We show that depletion of STIL from human cells
blocks centriole duplication, whereas overexpression of STIL triggers the near-
simultaneous formation of multiple daughter centrioles. A similar phenotype had
previously been observed for HsSAS-6 and the kinase Plk4, two key regulators of
centriole duplication that contribute to cartwheel assembly, a template for centriole
formation. In line with these results, we observed a prominent co-localization of STIL
and HsSAS-6 at the cartwheel region. Together with two independent studies (Tang
et al., 2011; Vulprecht et al., 2012), our work suggests that STIL cooperates with Plk4
and HsSAS-6 in cartwheel formation and thus represents a key centriole duplication
factor in human cells.

The observation that excess STIL triggers centriole amplification, a condition
that is associated with genome instability, prompted us to analyse the controls
governing STIL cell-cycle regulation in more detail. By fluorescence time-lapse
imaging, we revealed a two-step process that results in complete elimination of STIL
towards the end of mitosis. First, during nuclear envelope breakdown, Cdk1 triggers
the translocation of STIL from daughter centrioles into the cytoplasm. This event
might initiate cartwheel disassembly, as HsSAS-6, a major cartwheel component,
follows a similar trend. The bulk of cytoplasmic STIL is then degraded at the
metaphase to anaphase transition by the anaphase promoting complex/cyclosome
(APC/C), which involves a KEN box located at the C-terminus of STIL. Interestingly,
we found that truncations of STIL that cause MCPH in human patients delete this
KEN box, but preserve the overall function of STIL as a centriole duplication factor.
We readily confirmed that STIL MCPH truncations resist APC/C-mediated
degradation, and demonstrated that stabilization of mutant STIL is strong enough to
trigger centriole amplification in our cell culture model. Therefore, by analysing STIL
cell cycle regulation, we uncovered a provocative link to primary microcephaly. This
leads us to propose that centriole amplification, triggered by STIL stabilization, is the

underlying cause of MCPH in patients with STIL mutations.
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2.1 Centrosome Research — A Short Historical Overview

The centrosome has been discovered and described by cell biologists Edouard van
Beneden (van Beneden, 1876) and Theodor Boveri (Boveri, 1887) more than 100
years ago. Despite its important roles in cell physiology, our understanding of the
centrosome’s structure and function is only beginning to emerge. For a long time,
research on the centrosome has remained static due to technical limitations, mainly
posed by the small size and low copy number of this organelle. The introduction of
new methods in the late 20th century, such as usage of fluorescently labeled
antibodies in light microscopy, possibilities to deplete proteins by RNA interference or
the application of mass spectrometry to protein analysis have stimulated a new rise
in centrosome research.

Likewise, the discovery of frequent centrosomal anomalies in cancer (Lingle et
al., 2002; Nigg, 2002; Zyss and Gergely, 2009) and the realization that many
centrosomal proteins are involved in genetic disorders, such as ciliopathies
(Schwartz et al.,, 2011; Sharma et al., 2008), dwarfism (Klingseisen and Jackson,
2011) or brain disease (Thornton and Woods, 2009) (Figure 1), has steadily
increased the awareness on this organelle’s impact in human health and disease
(Bettencourt-Dias et al., 2011; Nigg, 2006; Nigg and Raff, 2009). The precise roles
that centrosomes play in the development of those disorders remains largely to be
understood. The elucidation of mechanisms and controls underlying centrosome
biogenesis and function will therefore undoubtedly lead to a better understanding and

treatment of centrosome-related diseases.
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2.2 Centrioles, Centrosomes, Cilia and Flagella

Centrioles are small cylinders made up of stabilized microtubules (MTs) (Figure 1A).
They are required for the formation of two different, yet related cellular organelles:
centrosomes and cilia/flagella. A pair of centrioles surrounded by a matrix of coiled-
coil proteins is defined as the centrosome (Figure 1B). The matrix, called
pericentriolar material (PCM), contains factors that allow the nucleation and
anchorage of cytoplasmic MTs (Bornens, 2002; Gould and Borisy, 1977; Liders and
Stearns, 2007). Therefore, the centrosome is the primary MT-organizing center
(MTOC) in animal cells (Bornens, 2012; Nigg and Stearns, 2011). Centrioles are core
centrosomal building blocks for several reasons. First, the PCM has been shown to
scatter within the cytoplasm upon centriole disassembly (Bobinnec et al., 1998a),
demonstrating that centrioles are important for centrosome stability. Second,
centrioles self-replicate and thereby duplicate the centrosome (Nigg and Stearns,
2011).

In quiescent cells, the oldest centriole can furthermore transform into a basal
body that associates with the plasma membrane and acts as a template to grow cilia
and flagella (Ishikawa and Marshall, 2011; Kim and Dynlacht, 2013), hair-like
membrane protrusions, generated by the outgrowth of MT bundles (also called
axonemes) (Figure 1C). These organelles can be motile or immotile (Kobayashi and
Takeda, 2012) and are important for movement of extracellular fluids or locomotion of
whole cells, such as sperm or protists. They can also act as cellular antennae in
chemo- and mechanosensation (Goetz and Anderson, 2010; Marshall and Nonaka,
2006).

Mutations in genuine centrosomal and ciliary components have been
associated with a large number of diseases (Bettencourt-Dias et al., 2011; Nigg and
Raff, 2009) (Figure 1D). Mutations in centrosomal proteins often cause defects in
brain development (microcephalies) (Thornton and Woods, 2009) or growth
retardation (dwarfism) (Klingseisen and Jackson, 2011) (Figure 1E), whereas
malfunction of cilia and flagella results in a large spectrum of disorders, collectively
termed ciliopathies (Figure 1F) (Marshall, 2008; Schwartz et al.,, 2011). Typical
phenotypes include polycystic kidneys, liver fibrosis, retinal degeneration, infertility or
obesity.
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Figure 1: Centrioles, Centrosomes and Cilia in Health and Disease (A) Centrioles are
small MT cylinders. They can either associate with pericentriolar material (PCM) to form an
MTOC called centrosome (B) or transform into basal bodies to seed the growth of cilia and
flagella (C). Mutations in centrosomal and ciliary genes have been linked to numerous
pathogenic phenotypes in humans, affecting a wide range of tissues and organs (D).
Mutations in centrosomal genes often result in brain disease and primordial dwarfism (E),
whereas mutations in ciliary genes lead to a large spectrum of syndromes termed ciliopathies

(F).
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2.3 Centriole and Centrosome Structure

The canonical vertebrate centriole is a highly-ordered, MT-based cylindrical structure
that measures about 500 nm in length and is 250-300 nm wide (Azimzadeh and
Marshall, 2010) (Figure 2). Centrioles replicate by the outgrowth of new centrioles
(called pro- or daughter centrioles) perpendicular to the wall of preexisting centrioles
(called mother centrioles) (Azimzadeh and Bornens, 2007; Nigg and Stearns, 2011).
The part of the newly formed centriole, which lies closest to the preexisting centriole,
is defined as the proximal part, whereas the opposite end is defined as distal (Figure
2A). The duplication of centrioles involves a template called cartwheel structure. The
cartwheel consists of a central hub and nine emanating spokes with associated
pinheads that display a 9-fold radial symmetry (Génczy, 2012; Guichard et al., 2012;
van Breugel et al., 2014). Attached to the cartwheel pinheads are nine MT triplets
that build the centriole wall. Therefore, the cartwheel is pivotal for establishing the
conserved 9-fold symmetric arrangement of mature centrioles (Figure 2A and B).

The first MTs to attach to the cartwheel pinheads, presumably nucleated by y-
tubulin ring complexes (y-TuRCs) (Fuller et al., 1995), are the A-tubules, which are
conventional 13-protofilament MTs. Subsequently, B- and C-tubules assemble, which
are both incomplete MTs with less than 13 protofilaments (Dippell, 1968; Guichard et
al., 2010) (Figure 2B). In comparison to cytoplasmic MTs, centriolar MTs are cold
and detergent resistant. This high degree of stability is due to tubulin modifications,
such as polyglutamylation, which protect centriolar MTs from depolymerization
(Bobinnec et al., 1998a; 1998b). In vertebrates, the C- tubules are shorter in length,
therefore, the distal end of centrioles is composed of A and B tubules only (Figure
2A). Strong deviations from the vertebrate canonical centriole structure can be found
in some organisms, e.g. in C. elegans (Figure 2C). These centrioles are formed by
MT singlets instead of triplets and the assembly platform is a central tube, rather than
a cartwheel structure (Pelletier et al., 2006).

To become fully mature, each newborn centriole has to acquire distal and
subdistal appendage proteins in a process called centriole maturation (Nigg and
Stearns, 2011). Distal appendages, such as Cep164, Cep89, Cep83, SCLT1 or
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FBF1, enable basal bodies to dock to the plasma membrane (Tanos et al., 2013),
whereas subdistal appendages are needed for the MT organizing capacity of
centrioles (Bornens, 2002; Piel et al., 2000). Thus, the older of the two centrioles
normally present in one centrosome has the competence to anchor cytoplasmic MTs
(Piel et al., 2000), which correlates with the presence of subdistal appendage

proteins, such as ninein, Cep170, ODF2 (also known as cenexin) or centriolin.
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Figure 2: Centriole Structure (A and B) Centrioles are small cylinders formed by a 9-fold
symmetrical arrangement of MT triplets (called A, B and C tubules). Centrioles are polarized
along the proximo-distal axis. Mature centrioles carry distal and subdistal appendages
important for cilia formation and MT nucleation. Nascent centrioles contain a proximal
cartwheel structure that serves as a centriole assembly platform. (C) Centriole structure in
C. elegans is divergent and displays singlet instead of triplet MTs and a central tube, rather
than a cartwheel, as assembly platform.
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In proliferating cells, centrioles associate with PCM to form the centrosome
(Figure 3A). As MT organizers (Figure 3B), centrosomes are implicated in a variety of
MT-dependent processes (Bornens, 2012). MTs are nucleated and anchored either
directly at centrioles (via subdistal appendages) or via protein complexes that reside
within the PCM (Bornens, 2002). The main factor for MT nucleation at centrosomes is
y-tubulin (Félix et al., 1994; Oakley et al., 1990; Oakley and Oakley, 1989; Stearns
and Kirschner, 1994). This tubulin variant forms, along with members of a conserved
protein family called gamma complex proteins (GCPs), y-tubulin ring complexes (y-
TuRCs) (Moritz et al., 2000; 1995). These protein complexes allow the nucleation
and stabilization of MT minus ends (Stearns and Kirschner, 1994; Wiese and Zheng,
2000; Zheng et al., 1995) (Figure 3C). Therefore, MT minus ends are concentrated
around centrosomes, whereas MT plus ends are projecting outwards into the
cytoplasm (Figure 3B). The PCM is built from a large number of proteins, such as
pericentrin, CDK5RAP2/Cep215 or NEDD1/GCP-WD, many of which contain
extensive coiled-coil domains. Following its observation in electron and conventional
light microscopy, the PCM has been mainly described as an amorphous mass of
proteins. Recent studies, using superresolution light microscopy, however, have
revealed a higher order, concentric organization of individual PCM components (Fu
and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 2012). A
mysterious and yet to be explored component of centrosomes are the centriolar
satellites, electron dense spherical granules of unknown function that appear around

centrosomes and move along MTs (Kubo et al., 1999).
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Figure 3: Structure of the Mammalian Centrosome (A) Centrosomes are a combination of
centrioles and PCM. One of the centrioles (the oldest one) carries appendages that allow it to
attach MTs or to initiate ciliogenesis. The PCM contains protein complexes (such as v-
TuRCs) that are important for MT nucleation. (B) Centrosomes, as the primary MTOCs of
animal cells, tether MT minus ends and thereby organize the MT network. This leads to a
polarization of the MT network (light green) with MT minus ends concentrating around the
centrosome and MT plus ends projecting outwards into the cytoplasm. Centrioles are shown
as black dots, PCM is depicted in grey (C) Model of a MT minus end that is capped by a -
TuRC.
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2.4 Centriole and Centrosome Function

Centrioles, in their function as basal bodies nucleating cilia and flagella, are ancestral
structures that exist in all major eukaryotic taxa, ranging from uni- to multicellular
organisms (Carvalho-Santos et al., 2011; Marshall, 2009). The presence of centrioles
in any organism usually correlates with the need to form cilia and flagella (Azimzadeh
et al., 2012; Bornens and Azimzadeh, 2007), pointing to the important role of the
centriole in the formation and function of these organelles. The situation is different
when considering the function of centrioles as organizers of centrosomes.
Organisms, especially those that do not rely on cilia and flagella function, often have
evolved alternative, acentriolar MTOCs. Yeasts and other fungi, for example, rely on
so called spindle pole bodies (SPBs) to organize their MTs (Jaspersen and Winey,
2004). SPBs are multilayered, nuclear membrane-associated organelles. These
MTOCs do not contain centrioles, but both centrosomes and SPBs share
components that are important for MT nucleation, such as y-tubulin (Horio et al.,
1991; Oakley et al., 1990; Stearns et al., 1991; Zheng et al., 1991) or XMAP215
(Stu2 in yeast) (Wang and Huffaker, 1997). Therefore, in contrast to the widely
distributed basal body, the centrosome is mainly restricted to animal cells and
centriole structure is probably evolutionarily linked to cilia and flagella, rather than
centrosome function.

Despite their limited phylogenetic distribution, centrosomes serve essential
functions in animal cells. As primary MTOCs, they orchestrate number, distribution
and length of MTs in a temporal and spatial manner (Liders and Stearns, 2007)
(Figure 4). Thus, they are implicated in a variety of MT-dependent processes, with
mitotic spindle formation being the most prominent (Figure 5A, see also below).
Centrosomes also function in cell migration, intracellular transport or cell fate
determination (Figure 5B-D), and these processes are also dependent on the
centrosome’s MTOC function. For example, in migrating nerve cells, the centrosome
positions between the cell nucleus and the leading edge (Cooper, 2013). This
polarizes the MT network and allows for stabilization of the leading edge and

transport of membrane vesicles towards the site of movement (Figure 5B). Similarly,

12
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in cytotoxic T lymphocytes (CTLs) (Figure 4C), centrosome positioning concentrates
the transport of lytic granules to the site of target recognition, called immunological
synapse (Angus and Giriffiths, 2013; Ritter et al., 2013) (Figure 5C). Centrosomes
furthermore play important roles in establishment of polarity axes, such as in the
C. elegans embryo. Upon fertilization, the sperm centrosome and its MT aster initiate
a symmetry breaking event that results in the redistribution of cortical polarity proteins
and thus allows asymmetric division of the one-cell embryo (Génczy and Rose,
2005). Furthermore, many regulatory proteins, including kinases and phosphatases,
attach to centrosomes. On one hand, it is well established that the action of these
proteins lead to cell-cycle dependent changes in centrosome structure and function,
thereby affecting its MTOC function (Liders and Stearns, 2007). On the other hand,
several studies suggest that this organelle also serves MT-independent functions,
probably providing a platform for the integration of diverse signaling pathways (Figure
5E). Indeed, there is increasing evidence which implicates the centrosome in
signaling related responses (for reviews, see Arquint et al., 2014; Doxsey et al.,
2005a; Rieder et al., 2001; Sluder, 2005). The centrosome might therefore act as a
hub that integrates and generates intracellular signals, which directly modulate cell
cycle progression, such as mitotic entry (Hachet et al., 2007; Portier et al., 2007) or
cytokinesis (Piel et al., 2001) (Figure 5F).

The most obvious function of centrosomes is the formation of a bipolar mitotic
spindle (Figure 4 and 5A) (Gadde and Heald, 2004). At the onset of mitosis, the two
centrosomes separate and accumulate PCM in a process called centrosome
maturation, which drastically enhances their MT nucleation activity in prophase (see
also chapter 2.5.3). From the two spindle poles, the centrosomes then organize a
bipolar MT array that connects to the kinetochore regions of chromosomes. Astral
MTs radiate from each spindle pole and associate with the cell cortex to aid in spindle
orientation (Kotak and Génczy, 2013), a process which is important for asymmetric
cell division and maintenance of tissue architecture (Siller and Doe, 2009) (Figure
5A). Abnormal mitotic spindles, caused by numerical or structural centrosome
aberrations, are a characteristic of many cancer cells and likely contribute to genomic
instability, which is a hallmark of cancer progression (Lingle et al., 2002; 2005; Nigg,
2002; Zyss and Gergely, 2009).

13
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Interphase Prophase

Metaphase

Figure 4: The Centrosome Functions as MTOC in Animal Cells Immunofluorescence
micrographs depicting the MT network (green) and centrosomes (red) in U20S cells of
different cell cycle stages. Centrosomes are stained in red and surrounded by white boxes,
DNA is shown in blue. Scale bar denotes: 5 um.
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Even though cellular rescue mechanisms, such as the clustering of extra
centrosomes to spindle poles (Kwon et al., 2008; Quintyne, 2005; Ring et al., 1982)
or inactivation of supernumerary centrosomes (Basto et al., 2008), allow for bipolar
cell division in such a context, the error rate for segregation of chromosomes are
likely to be higher (Ganem et al., 2009; Silkworth et al., 2009). It remains therefore
attractive to postulate that centrosome aberrations are cause and not simply
consequence of tumorigenesis (Nigg, 2006; Nigg and Raff, 2009; Zyss and Gergely,
2009), even though a direct link, already proposed by Theodor Boveri 100 years ago
(Boveri, 1914), has not yet been provided.

Despite the central role that centrosomes play in spindle formation, it is
obvious that bipolar spindles can form in the complete absence of centrosomes, such
as in the mouse oocyte (Szollosi et al., 1972) or in planarians (Azimzadeh et al.,
2012). Furthermore, bipolar spindles were shown to assemble in vitro without the
help of centrosomes (Heald et al., 1996) and removal of centrosomes by
microsurgery or laser ablation did not interfere with mitotic progression of vertebrate
cells (Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001; Uetake et al., 2007). In
support of all these observations, Drosophila mutant embryos which lack centrioles
due to genetic removal of the centriole duplication factor DSAS-4 developed into
morphologically normal adult flies (Basto et al., 2006). Only asymmetric divisions of
neuroblasts were abnormal, suggesting important functions of centrosomes in this,
but not other types of divisions (reviewed in Yamashita and Fuller, 2008). However,
these flies do possess centrosomes in very early embryonic stages, and it is those
first zygotic divisions that the centrosome seems to be essential for in both
Drosophila (Stevens et al., 2007) and C. elegans development (Pelletier et al., 2005).
Furthermore, centrosomes seem to be more essential for vertebrate development, as
exemplified by mice lacking the centriole duplication factor Plk4 (Hudson et al.,
2001), as well as by chicken cells from which essential centrosomal proteins have
been genetically deleted (Sir et al., 2013).

But how do acentriolar cells manage to form a bipolar mitotic spindle? These cells
manage to divide due to the existence of an alternative pathway for spindle
formation, in which a RanGTP gradient around chromosomes plays a central role
(Gruss and Vernos, 2004; O'Connell and Khodjakov, 2007; Wadsworth and

Khodjakov, 2003). This pathway allows for MT nucleation at chromosomes, and MTs
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are subsequently focused into a bipolar array by help of minus-end directed motor

proteins, resulting in the formation of an acentriolar spindle.
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Figure 5: Function of Centrosomes in Animal Cells Centrosomes serve a multitude of
cellular functions. (A) In mitosis, the two centrosomes organize the mitotic spindle array by
forming the spindle poles. Astral MTs that radiate from centrosomes interact with the cell
cortex to allow for precise spindle orientation. (B) In migrating cells, the centrosome
positions between the nucleus and the leading edge and acts as a stabilizer for cell movement,
thereby also providing vesicles to the site of migration. (C) In CTLs, the centrosome positions
near the immunological synapse, which allows for intracellular transportation of lytic granules
to the site of target recognition. (D) In the C. elegans one-cell embryo, the sperm centrosome
and its astral MTs are initiating a symmetry-breaking event that enables redistribution of
cortical polarity proteins and asymmetric cell division. (E) Centrosomes also function as
signaling hubs that allow for integration of different signaling responses and release of
diffusible signals (yellow gradient). (F) As signaling centers, centrosomes might directly have
an influence on cellular processes. For example, centrosomes have been shown to play a role
in cytokinesis.
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2.5 Centriole and Centrosome Regulation

Numerous events act on centrosomes to modulate centrosome/centriole structure or
function during cell cycle progression (Nigg and Stearns, 2011). Those events can be

divided into several discrete steps, known as the centrosome cycle (Figure 6A).

2.5.1 Centrosome Duplication

A G1-phase centrosome contains two centrioles that are linked to each other via
flexible protein fibers. One of the two centrioles (the older) contains appendages that
allow it to dock to the plasma membrane for formation of a primary cilia in quiescent
cells (Tanos et al., 2013). When cells proliferate, cilia retract and the centrosome
duplicates at the G1/S-phase transition. The centrosome is duplicated by duplication
of its centrioles (Figure 6B). Centriole duplication is the outgrowth of new centrioles
(so called pro- or daughter centrioles) at the proximal base of pre-existing (or mother)
centrioles (Azimzadeh and Bornens, 2007; Strnad and Goénczy, 2008) (Figure 5B).
Centriole growth involves the formation of a template structure, which in vertebrate
and most other species resembles a cartwheel (except for C. elegans, where the
template is a central tube) (Génczy, 2012; Pelletier et al., 2006). Centriole duplication
requires a set of evolutionarily conserved proteins that have first been identified by
RNAi screens in C. elegans (Leidel and Goénczy, 2005). Related and additional
duplication factors have subsequently been identified in both Drosophila and humans
(Balestra et al., 2013; Dobbelaere et al., 2008; Kleylein-Sohn et al., 2007),
suggesting strong conservation of the centriole duplication pathway. A more detailed
description of the molecular players involved in centriole duplication can be found in
chapter 2.6. After template formation, centrioles start to grow by deposition of MTs
onto the template structure. The newly assembled procentrioles elongate throughout
G2 phase and remain tightly associated with their parental centrioles until the end of

the next mitosis (see also chapter 2.5.4).
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2.5.2 Centrosome Cohesion and Separation

The two parental centrioles are connected via a flexible protein linker (Bornens et al.,
1987) to form a single MTOC throughout interphase. The linker consists of C-Nap1
and rootletin fibers (Bahe et al., 2005; Fry et al., 1998; Mayor et al., 2000), but also
Cep68, Cdk5rap2/Cep215 (Graser et al.,, 2007) and B-catenin (Bahmanyar et al.,
2008) have been implicated in cohesion. At the G2/M transition, the linker is resolved
via protein phosphorylation, mainly triggered by the protein kinase Nek2 that
phosphorylates C-Nap1 (Faragher and Fry, 2003; Fry et al., 1998), rootletin (Bahe et
al., 2005) and possibly other substrates (Bahmanyar et al., 2008) (Figure 6C). This
process is counteracted by protein phosphatase 1 (PP1) (Helps et al., 2000), which is
inactivated at the onset of mitosis to allow centrosome separation. In addition,
localized Nek2 activity has recently been shown to be regulated by components of
the Hippo pathway (Mardin and Schiebel, 2012; Mardin et al., 2010). The separated
centrosomes are moved apart by the action of MT-dependent motor proteins, such as
the mitotic kinesin Eg5 (Bertran et al., 2011; Blangy et al., 1995; Smith et al., 2011),

which allows the centrosomes to participate in mitotic spindle formation.

2.5.3 Centrosome Maturation

The MTOC activity of centrosomes oscillates throughout the cell cycle, reaching its
highest levels in mitosis, when centrosomes expand their PCM. This process, called
centrosome maturation, is triggered via activities of the mitotic kinases Plk1 (Conduit
et al., 2014; Lane and Nigg, 1996; Lee and Rhee, 2011; Sunkel and Glover, 1988)
and Aurora A (Berdnik and Knoblich, 2002; Hannak et al., 2001) at the G2/M phase
transition (Figure 6D). Maturation not only acts on PCM structure, but also leads to
modification of parental and nascent centrioles. Parental centrioles acquire distal and
subdistal appendage proteins (Lange and Gull, 1995; Nakagawa et al., 2001), which
allows them to anchor cytoplasmic MTs (Bornens, 2002; Piel et al., 2000) or to
initiate ciliogenesis (Tanos et al., 2013). Centrioles that have been generated in the
same cell cycle (nascent centrioles) have no inherent replication and PCM

organisation potentials. Therefore, Plk1-dependent modification at the G2/M phase
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transition enables them to replicate and to recruit PCM in the following cell cycle
(Wang et al., 2011).

2.5.4 Centriole Disengagement
Centriole disengagement is defined as the loss of the tight orthogonal orientation
between the daughter-mother centriole pair (Kuriyama and Borisy, 1981). This
process is a prerequisite for another round of centriole duplication (licensing), as the
attachment of a newborn centriole to a parental one serves as a block for
reduplication, ensuring that one and only one centriole gets formed each cell cycle
(Tsou and Stearns, 2006a; Wong and Stearns, 2003), for reviews see Nigg, 2007;
Tsou and Stearns, 2006b). However, there are notable exceptions leading to failure
in the coordination between cell and centriole duplication cycle, which potentially
results in the generation of supernumerary centrosomes (Brownlee and Rogers,
2013; Lingle et al., 2005). First, the block can be overridden by overexpression of
certain centriole duplication factors, such as Plk4 (Habedanck et al., 2005; Kleylein-
Sohn et al.,, 2007) and HsSAS-6 (Strnad et al.,, 2007), which trigger the near-
simultaneous formation of several daughter centrioles per mother centriole. Second,
some transformed cells can undergo repeated rounds of centriole duplication
(including maturation and disengagement of newborn centrioles) when arrested for
an extended timespan in interphase (Balczon et al., 1995; Inanc et al.,, 2010;
Loncarek et al., 2010; Wong and Stearns, 2003).

Centriole disengagement requires separase and Plk1 activities (Thein et al.,
2007; Tsou and Stearns, 2006a; Tsou et al., 2009) (Figure 5E). Separase is a well-
known protease which cleaves cohesin rings that hold sister-chromatids together,
and therefore activation of separase (by the APC/C-mediated degradation of its
partner securin) marks the timepoint for chromosome segregation (Uhimann, 2003).
The substrate for separase at centrosomes has been elusive for a long time, but
increasing evidence suggests that separase might indeed cleave cohesin rings at
centrosomes (Nakamura et al., 2009; Schéckel et al., 2011). By using the same
molecular ,glue“ for centriole and chromosome cohesion, this model therefore
provides intriguing provocative explanation for how the centrosome and chromosome
cycles might be coupled. In addition, the PCM component kendrin has been identified

as an attractive separase substrate (Matsuo et al., 2012).
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Figure 6: The Centrosome Cycle (A) Illustration of the mammalian centrosome cycle,
depicting the processes of centriole duplication (B), centrosome separation (C), centrosome
maturation (D) and centriole disengagement (E). For a more detailed explanations, see text.
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2.6 Centriole Biogenesis

2.6.1 RNAi Screens in C. elegans Reveal a Small Set of Centriole Duplication
Factors

Many of the genes that play important roles in cell division processes were identified
by genetic screens in C. elegans embryos (Fraser et al., 2000; Gonczy et al., 2000;
O'Connell et al., 1998; Sénnichsen et al., 2005; Zipperlen et al., 2001). Of those, only
five gene products (Figure 7) have been described to be essential for centriole
duplication (reviewed in Leidel and Gbénczy, 2005). Subsequent functional analysis
has led to an understanding of how these proteins, called centriole duplication
factors, cooperate to form a new centriole (Dammermann et al., 2004; Delattre et al.,
2006; Pelletier et al., 2006).

Centriole duplication factors are consecutively recruited to the site of centriole
formation and gradually incorporate into the growing procentriole (Delattre et al.,
2006; Pelletier et al., 2006). Most upstream in the pathway acts SPD-2, a protein
which plays dual roles in centriole as well as PCM formation (Kemp et al., 2004;
Pelletier et al., 2004). SPD-2 is required for localization of the four other proteins
(Delattre et al., 2006; Pelletier et al., 2006). Next in the hierarchy is ZYG-1, a kinase
that can not be placed into one of the known kinase subfamilies (O'Connell et al.,
2001). ZYG-1 triggers the recruitment of a complex of two coiled-coil proteins, named
SAS-6 and SAS-5 (Dammermann et al., 2004; Delattre et al., 2006; 2004; Leidel et
al., 2005; Pelletier et al., 2006; Qiao et al., 2012). Localization of this complex to the
site of centriole assembly coincides with the formation of the central tube (orange
tube in Figure 7), a scaffold for the formation of a new centriole (Pelletier et al.,
2006). SAS-4 assists in the deposition of singlet MTs onto the central tube, which
completes the process (Dammermann et al., 2008; Delattre et al., 2006; Kirkham et
al., 2003; Leidel and Goénczy, 2003; Pelletier et al., 2006).
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SPD-2
» » SAS-4

Figure 7 : Centriole Duplication Pathway in C. elegans Upstream in the pathway operates
SPD-2, which recruits the kinase ZYG-1 to the site of procentriole formation. ZYG-1 triggers
the recruitment of SAS-6 and SAS-5, a complex of two structural proteins that form the
central tube. The central tube is a template onto which singlet MTs are deposited in a SAS-4
dependent manner.

2.6.2 The Centriole Duplication Machinery is Conserved from Worm to Man

All of the five C. elegans centriole duplication factors have been conserved in
Drosophila, humans and many other organisms, suggesting that centriole duplication
is a highly conserved process (Figure 8). However, the degree of conservation varies
amongst the different components.

A key conserved centriole duplication factor is SAS-6, indicating that this
protein is essential for the construction of any new centriole (Dammermann et al.,
2004; Leidel et al., 2005; Rodrigues-Martins et al., 2007b). Indeed, SAS-6 is a major
component of the cartwheel which establishes the 9-fold symmetry of centrioles
(Gopalakrishnan et al.,, 2010; Nakazawa et al., 2007; Rodrigues-Martins et al.,
2007b). In unprecedented detail, recent structural studies have shown that SAS-6
can self-assemble into ring-shaped oligomers in vitro that resemble cartwheel
structures in vivo (Guichard et al., 2013; Kitagawa et al., 2011b; van Breugel et al.,
2014; 2011). In contrast, C. elegans SAS-6 assembles into a spiral arrangement,
which might explain the formation of a central tube (instead of a cartwheel) in this
species (Hilbert et al., 2013). In summary, SAS-6 seems to be a universal component
of the scaffold that precedes centriole formation (Figure 9).

Another well conserved component of the centriole duplication machinery is
SAS-4 (Dammermann et al., 2008; Kirkham et al., 2003), which in vertebrates is
known as CPAP (or CENP-J) (Hung et al., 2000). Several studies have implicated
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CPAP in positive regulation of centriole length, as CPAP overexpression results in
overly long centrioles (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009).
In addition, two recent studies have uncovered a cooperation between Cep120,
SPICE1 and CPAP in centriole elongation (Comartin et al., 2013; Lin et al., 2013a).
Therefore, the function of C. elegans SAS-4, which is the organization of centriolar
MTs around the central tube, seems to be conserved in mammals. In Drosophila,
SAS-4 has furthermore been implicated in tethering of PCM complexes to the
centrosome (Gopalakrishnan et al., 2012; 2011; Zheng et al., 2014).

Although they are related on an amino acid sequence level, some duplication
factors changed functions in some organisms. This is the case for SPD-2, which in
C. elegans is required for centriole duplication and PCM maturation (Kemp et al.,
2004; Pelletier et al., 2004), but in Drosophila only the function in PCM recruitment
has been conserved (Dix and Raff, 2007; Giansanti et al., 2008). However, the SPD-
2 homolog in vertebrates, called Cep192, has been implicated in both centrosome
maturation (Gomez-Ferreria et al., 2007; Joukov et al., 2010; Zhu et al., 2008) and
centriole duplication (Kim et al., 2013; Sonnen et al., 2013; Zhu et al., 2008).

On the other extreme, the kinase ZYG-1 is not well conserved at the amino
acid sequence level (O'Connell et al., 2001), but this kinase has been functionally
replaced in Drosophila (Bettencourt-Dias et al., 2005) and human cells (Habedanck
et al.,, 2005) by Plk4 (SAK), a member of the family of polo-like kinases (PIks).
Intriguingly, ZYG-1 and Plk4 also seem to share similar mechanisms of regulation, as
both kinases are targeted for proteasomal degradation by the SCF BTrCP (Slimb in
Drosophila; LIN-23 in C. elegans) (Cunha-Ferreira et al., 2009; Guderian et al., 2010;
Holland et al., 2012; 2010; Peel et al., 2012; Rogers et al., 2009).

Poorly conserved is also the duplication factor SAS-5. This protein has not
been assigned any homologs outside of nematodes, because obvious candidates
were lacking. A recent study then suggested that Ana2, which is required for centriole
duplication in Drosophila, might be the SAS-5 homolog in flies (Stevens et al.,
2010a). Based on sequence alignments, the same study suggested that a protein
called STIL might be the long-sought-after SAS-5 homolog in vertebrates (Stevens et
al., 2010a) (see also chapter 2.8). Similar to SAS-5, which cooperates with SAS-6 in
central tube formation (Pelletier et al., 2006), both Ana2 and STIL were therefore

predicted to participate in cartwheel assembly. In line with these predictions, Ana2
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localizes specifically to daughter centrioles (Stevens et al., 2010a) and co-expression
of Ana2 and DSAS-6 resulted in assembly of extended tubules that bear striking
resemblance to the inner cartwheel structure (Stevens et al., 2010b). However,
sequence conservation between Ana2/SAS-5 and vertebrate STIL is very low and
restricted to a small sequence stretch named STAN (STIL/Ana2) motif, leaving
doubts as to whether these functions were truly conserved. Therefore, it was
important to characterize STIL in regard to centriole biogenesis in human cells (see

results and discussion sections).
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Figure 8 : A Comprehensive List of Centriole Duplication Factors. Proteins that play
essential roles in centriole duplication in C. elegans, D. melanogaster and H. sapiens are
listed. Duplication factors that are conserved in all three organisms are marked in red.
Additional duplication factors in D. melanogaster or H. sapiens are marked in blue. Proteins
marked with * are not required for centriole duplication in all species, whereas for proteins
marked with +, controversial data were reported. For more information on the role of
individual duplication factors, see text.
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2.6.3 Additional Centriole Duplication Factors in Drosophila, Human

Cells and Other Organisms

Besides the five duplication factors described in C. elegans, additional proteins
required for centriole formation have been identified by genomic screens in human
cells (Balestra et al., 2013; Kleylein-Sohn et al., 2007) or Drosophila (Dobbelaere et
al., 2008; Goshima et al., 2007) (Figure 8). Also, large proteomic studies have been
performed to identify novel centrosome (Andersen et al., 2003; Jakobsen et al., 2011)
or basal body components (Keller et al., 2009; 2005; Kilburn et al., 2007), some of
which were also shown to be essential for centriole formation.

Not conserved in C. elegans, but crucial for centriole biogenesis in other
organisms, is for example the protein Cep135. Its homolog Bld10p in the green algae
Chlamydomonas reinhardtii has long been implicated in cartwheel formation (Hiraki
et al., 2007; Matsuura et al., 2004). Bld10p localizes to the cartwheel tip region (also
called pinheads), where it connects the cartwheel spokes to centriolar MTs. Similar
conclusions have been reached for BI10p in Paramecium tetraurelia, a ciliate (Jerka-
Dziadosz et al., 2010). In agreement with this work from lower eukaryotes, Cep135 is
required for centriole duplication in mammalian cells (Kleylein-Sohn et al., 2007; Ohta
et al.,, 2002), where it binds to HsSAS-6 and CPAP (Lin et al., 2013b). However,
despite the central role Cep135/BId10 plays in centriole formation, Bld10 in
Drosophila seems to be dispensable for cartwheel assembly and hence centriole
duplication (Carvalho-Santos et al., 2012; Mottier-Pavie and Megraw, 2009; Roque et
al., 2012).

Similarly, it has been suggested that y-tubulin might function in early steps of
centriole formation by providing a template for the outgrowth of centriolar MT triplets
(Fuller et al., 1995). Indeed, y-tubulin like structures capping the proximal part of A-
MTs were detected when analyzing purified human centrioles by cryo-electron
tomography (Guichard et al., 2010).

Another module for centriole duplication that has been subject to large
evolutionary changes concerns the upstream factors that recruit the kinase, ZYG-1 in
C. elegans or PIk4 in other systems, to the site where a new centriole starts to grow.

In C. elegans, ZYG-1 is recruited via SPD-2 (Delattre et al., 2006; Pelletier et al.,
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2006). In Drosophila and H. sapiens, however, an additional duplication factor, called
Cep152 (asterless in Drosophila), plays an important role in recruitment of Plk4
(Cizmecioglu et al., 2010; Dzhindzhev et al., 2010; Hatch et al., 2010). In human
cells, it has been shown that Cep152 functions in cooperation with the vertebrate
SPD-2 homolog, called Cep192 (Kim et al., 2013; Sonnen et al., 2013) and a protein
called Cep63 (Brown et al., 2013; Sir et al., 2011), in recruitment of Plk4. However,
whether Cep192 is required for centriole duplication or not remains controversial
(Gomez-Ferreria et al., 2007; Zhu et al., 2008).

Centrins are a family of core centriolar proteins that have also been implicated
in centriole duplication. The homolog of Centrin-2 in yeast (cdc31p) is clearly required
for SPB duplication (Schiebel and Bornens, 1995), and centrin homologs in ciliates
play essential roles in basal body formation (Ruiz et al., 2005; Stemm-Wolf et al.,
2005). However, whether centrin-2 is required for centriole formation in vertebrates
(Salisbury et al., 2002), probably in cooperation with Sfi1 (Kilmartin, 2003) and
hPOCS5 (Azimzadeh et al., 2009), is controversial (Kleylein-Sohn et al., 2007). In fact,
genetic deletion of centrins from chicken DT40 cells demonstrates that normal
centrosomes can form in the absence of all centrins, at least in this vertebrate
species and cell type (Dantas et al., 2011).

Centrobin is a daughter centriole specific protein that has been attributed a
function in centriole duplication and centriole elongation in human cells (Gudi et al.,
2011; Zou et al., 2005). In Drosophila, its function in centriole duplication seems not
to be conserved (Januschke et al., 2013). However, it has adopted an important role
in control of asymmetric centrosome distribution during neuroprogenitor cell divisions.
In short, neuroprogenitor cells divide in asymmetric fashion, giving rise to one
daughter cell with stem cell character and one cell that will differentiate into a neuron.
Interestingly, the stem cell always retains the daughter centrosome (Januschke et al.,
2011), a process which requires centrobin at the daughter centrosome, relies on
Plk1-mediated centrosome maturation (Januschke et al., 2013) and is counteracted
by pericentrin-like protein (PLP) at the mother centrosome (Lerit and Rusan, 2013).

Finally, the tip of centrioles in vertebrates and flies is decorated by a protein
called CP110. In vertebrates, this protein has been implicated in the control of
centriole duplication (probably in cooperation with Cep67) (Chen et al., 2002;
Kleylein-Sohn et al., 2007; Tsang et al., 2009), centriole elongation (Schmidt et al.,
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2009) and the inhibition of cilia formation (Schmidt et al., 2009; Spektor et al., 2006;
Tsang et al., 2008). In contrast to CPAP, which regulates centriole length in a positive
manner (Comartin et al., 2013; Kohlmaier et al., 2009; Lin et al., 2013a; Schmidt et
al., 2009; Tang et al., 2009), CP110 seems to restrict the length of newly formed
centrioles. Therefore, removal of CP110 from cells leads to overly long centrioles
(Schmidt et al., 2009). In line with a repressive function in centriole elongation,
CP110, probably in cooperation with Cep97, Cep290, Kif24 and Talpid3, has an
inhibitory effect on primary cilium formation (Spektor et al., 2006; Tsang et al., 2008),
which requires basal bodies to grow out MTs in order to form an axoneme.
Conversely, in Drosophila, removal of CP110 does not abrogate centriole duplication,
but also influences centriole length control (Delgehyr et al., 2012; Franz et al., 2013).
Similar to CP110, a role in centriole duplication, centriole elongation and ciliogenesis
has been identified for Poc1 in diverse organisms (Blachon et al., 2009; Fourrage et
al., 2010; Keller et al., 2009; Pearson et al., 2009; Venoux et al., 2013).
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Figure 9 : SAS-6 Oligomerization Dictates the 9-fold Symmetry of Centrioles (A) SAS-6
forms homodimers through dimerization of its C-terminal coiled-coil domain. The N-terminus
of SAS-6 adopts a globular fold (N). (B) SAS-6 homodimers interact through their N-terminal
globular domains and form the cartwheel central hub, while their coiled-coil domains project
outwards to form the spokes. (C) Cross-section through the mammalian procentriole
proximal region. The cartwheel, which is formed by nine SAS-6 homodimers, is depicted in
red, centriolar MTs are shown in green. (D) Cryo-electron tomography 3D map of the
proximal centriole region from Trichonympha. The cartwheel is colored in light blue, the
pinheads that connect to the centriolar MT triplets (purple) are shown in dark blue. The A-C
linkers that connect the A and C MTs are colored in green. Scale bar represents 20 nm. Part D
of this figure has been adapted from (Guichard et al., 2013).
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2.6.4 Regulation of Centriole Duplication

2.6.4.1 Two Modes of Centriole Duplication

Two main pathways exist to build a new centriole, canonical centriole duplication and
de novo centriole formation. Whereas canonical centriole duplication relies on a
preexisting centriole (probably providing a structural platform) to form a new centriole,
de novo centriole duplication can take place in the absence of any centrioles.

Overexpression of certain centriole duplication factors can trigger centriole de
novo formation in unfertilized Drosophila eggs (Peel et al., 2007; Rodrigues-Martins
et al., 2007a). De novo centriole formation can also be observed in vertebrate
cycling cells, but only if pre-existing centrioles were experimentally removed
(Khodjakov et al., 2002; Rodrigues-Martins et al., 2007a). This suggests that the
presence of centrioles in cells somehow inhibits de novo centriole formation under
normal conditions, but how this is achieved remains unknown.

In specialized cell types and under certain developmental contexts, de novo
centriole formation can occur on a natural basis. For example, de novo centriole
formation can be observed in early mouse development. The mouse sperm does not,
as is common in many other organisms, contribute a centriole to form a centrosome
in the emerging zygote. Centrioles and centrosomes therefore arise at later
developmental stages de novo (Szollosi et al., 1972). A similar phenomenon can also
be observed in terminally differentiated, multiciliated epithelial cells. These cells
assemble hundreds of motile cilia at their plasma membrane and therefore have to
undergo massive centriole amplification de novo, as canonical centriole duplication
might not be efficient enough to meet such high demands. This involves a structure
called deuterosome, an amorphous proteinaceous structure at which centrioles
assemble (Song et al., 2008).

Although disparate, the two modes of centriole duplication basically use the
same proteins to form centrioles, and therefore represent variations of the same
mechanism, rather than distinct pathways. So far, a difference that has been clearly
revealed concerns the upstream duplication factors called Cep63 and Deupi.

Whereas Cep63 is used in canonical centriole biogenesis to recruit Cep152 and Plk4
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to mother centrioles, deuterosomes are decorated with Deup1, a Cep63 paralog,
which recruits the same duplication factors for de novo centriole formation (Zhao et
al., 2013). In addition, a protein named CCDC78 has been identified to be essential

for centriole amplification in mulitciliated cells (Klos Dehring et al., 2013).

2.6.4.2 Cell Cycle Cues that Regulate Centriole Duplication

Much has been learned about the structural components that are directly involved
into the assembly of centrioles (see chapter 2.6.1-2.6.3). Surprisingly little is known,
however, about the extrinsic cell cycle cues that control when and where a centriole
starts to grow, and how cells coordinate centriole duplication with other prominent
cell cycle events, such as DNA replication. A key factor in the temporal regulation of
centriole duplication is the kinase Cdk2 in conjunction with either cyclins E or A, as
has been demonstrated in Xenopus (Hinchcliffe et al., 1999; Lacey et al., 1999) and
somatic mammalian cells (Matsumoto et al., 1999; Meraldi et al., 1999). In addition,
E2F transcription factors have also been associated with timely initiation of centriole
duplication (Meraldi et al., 1999). Both Cdk2 and E2F are is also involved in initiation
of DNA replication and thus might elegantly coordinate centrosome duplication with
DNA replication.

Centrosomal substrates of Cdk2 might be CP110 (Chen et al., 2002) or
nucleophosmin (Okuda et al., 2000), both playing distinct roles in centriole
duplication. Other kinases, that are potentially involved in centriole duplication
include MPS1 (Fisk and Winey, 2001), PIk1 (Liu and Erikson, 2002) and Plk2 (Chang
et al., 2010; Cizmecioglu et al., 2012; Warnke et al., 2004).

2.6.4.3. Regulation of Centriole Numbers by Proteasomal Degradation

Precise regulation of centriole duplication ensures genome stability, as extra
centrioles are likely to trigger multipolar spindle formation which brings along
chromosome missegregation and aneuploidy. Centriole duplication therefore is a
tightly regulated process and several mechanisms exist to restrict centriole numbers
in proliferating cells. One important aspect in the control of centriole numbers is the
utilization of proteasomal degradation to keep levels of individual centriole duplication

factors, many of which cause massive centriole amplification, at low levels.
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For example, Plk4 harbors a DSG motif that is required for its degradation by
the multi-protein E3 ubiquitin ligase complex SCF BTrCP. Interestingly, Plk4 kinase
activity is required for its own degradation, as the protein, which exists as a dimer,
autophosphorylates itself in trans and thereby primes its own degradation (Cunha-
Ferreira et al., 2009; 2013; Guderian et al., 2010; Holland et al., 2010; Klebba et al.,
2013; Rogers et al., 2009). This mechanism prevents Plk4 activity to rise above a
certain threshold level which could trigger the formation of more than one procentriole
per pre-existing centriole. Nevertheless, Plk4 activity rises towards mitosis and this
might be accomplished by phosphatase activities, as shown in Drosophila, where the
protein phosphatase PP2A counteracts Plk4 autophosphorylation at this cell cycle
stage (Brownlee et al., 2011). Furthermore, one study has linked Plk4 to control of
HsSAS-6 proteasomal degradation. HsSAS-6 is a target of the SCF FBXWS5, an E3
ubiquitin ligase which is inhibited by Plk4 phosphorylation. Plk4 might therefore, via
inhibition of SCF FBXWS5, stabilize HsSAS-6 levels at the G1/S phase transition
(Puklowski et al., 2011).

In addition, both SAS-6 and CPAP have been implicated in APC/C-mediated
degradation (Strnad et al., 2007; Tang et al., 2009). Complete degradation of SAS-6
and CPAP might serve to reset components of the centriole duplication machinery at
the onset of each new cell cycle transition. Furthermore, the levels of the duplication
factor CP110 are also subject to proteasomal degradation. CP110 is controlled by the
SCF CyclinF (D’Angiolella et al., 2010), which is antagonized by USP33, an enzyme
that specifically deubiquitinates and protects CP110 from degradation (Li et al.,
2013).
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2.7 Centrosomes in Brain Disease and Primordial Dwarfism

Improvements in DNA sequencing methods have led to the rapid identification of
genes that are associated with rare genetic disorders. Of special interest in regard to
centrosomes is a disease called autosomal recessive primary microcephaly (MCPH).
Out of 12 gene products that have been associated with MCPH, 9 are localizing to
centrosomes (see table 1) (Kaindl et al., 2010; Pagon et al., 1993; Thornton and
Woods, 2009). MCPH is a neurodevelopmental disorder that interferes with human
fetal brain growth. This results in smaller than usual brains at birth and mental
retardation, but the brain architecture is normal. The disease is caused by a deficit in
neuron production. In developing brains, neurons are generated by asymmetric
divisions of the neuroprogenitor pool. The progenitors first expand by symmetric
divisions, which require the mitotic spindle to be oriented in parallel to the ventricular
surfaces. Upon rotation of the mitotic spindle axis, which goes along with a switch to
asymmetric divisions, each cell produces a progenitor and a neuron (Lehtinen and
Walsh, 2011). A reduction of the neuroprogenitor pool is underlying the development
of MCPH, which can arise due to either defects in spindle rotation (Noatynska et al.,
2012) or via apoptosis (Komada et al., 2010).

Another condition that is associated with mutations in centrosomal proteins is
primordial dwarfism (PD). These patients suffer from varying degrees of
proportionately short stature and symptoms can clinically overlap with MCPH, which
is especially the case for Seckel syndrome patients (see table 1, MCPH-Seckel
combination) (Verloes et al., 2013). Other subtypes of PD encompass Meier Gorlin
syndrome, microcephalic osteodysplastic primordial dwarfism type | and Il (MOPDI
/) or Russell Silver syndrome (reviewed in Klingseisen and Jackson, 2011).

However, how exactly centrosomal defects cause spindle misorientation,
apoptosis or other cellular damage that results in MCPH or PD is not yet fully
established. Some proteins, such as Cdk5rap2 (Barr et al., 2010; Choi et al., 2010;
Fong et al., 2008; Haren et al., 2009; Lucas and Raff, 2007), pericentrin (Dictenberg
et al., 1998; Doxsey et al., 1994) and ninein (Delgehyr et al., 2005; Mogensen et al.,
2000) have been implicated in PCM organization and MT nucleation. Such defects
might well interfere with either spindle orientation or chromosome segregation.
Chromosome segregation defects might also be caused by mutations in CASC5, a
kinetochore protein (Genin et al., 2012). Cdk5rap2 has furthermore been implicated
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in centriole cohesion (Barr et al., 2010; Barrera et al., 2010; Graser et al., 2007) and
engagement (Barrera et al., 2010), and failure in these processes are likely to result
in aberrant spindle formation. Other proteins, such as ASPM and WDR62, might also
be directly involved in spindle orientation (Bogoyevitch et al., 2012; Farag et al.,
2013; Fish et al., 2006; Higgins et al., 2010; van der Voet et al., 2009). Interestingly,
a considerable fraction of these disease-associated proteins are key centriole
duplication factors, such as STIL, Cep135, CPAP, Cep152 or Cep63 (Arquint et al.,
2012; Blachon et al., 2008; Brown et al., 2013; Ching et al., 2002; Cizmecioglu et al.,
2010; Hatch et al., 2010; Kleylein-Sohn et al., 2007; Kohlmaier et al., 2009; Schmidt
et al., 2009; Sir et al., 2011; Tang et al., 2009; 2011; Vulprecht et al., 2012).
Mutations might therefore either result in less efficient centriole duplication or trigger
centriole overduplication. Both scenarios could interfere with proper spindle
formation/orientation (Ganem et al.,, 2009; Kitagawa et al., 2011a) and cell cycle
progression (Arquint et al., 2014; Doxsey et al., 2005b). A recent study has analyzed
the effect of centrosome amplification on brain development in the mouse and
concluded that centrosome amplification is sufficient to trigger a phenotype
resembling microcephaly (Marthiens et al., 2013). Even though defects in spindle
orientation have not been observed, it has been suggested that increased apoptosis
of neuroprogenitors might be the underlying cause (Marthiens et al., 2013).

Also, some proteins, such as Cdk6 or microcephalin, might directly control cell
cycle progression (Alderton et al., 2006; Gruber et al., 2011; Morgan, 1997; Tibelius
et al., 2009). Furthermore, many of the involved gene products have functions in
DNA-related processes, such as DNA damage responses (microcephalin, Cdk5rap2,
ATR, ATRIP) (Alderton et al., 2006; Barr et al., 2010; Nam and Cortez, 2011), DNA
repair (RBBP8) (Limbo et al., 2007) , epigenetic modifications (ZNF335, PHC1)
(Isono et al., 2005; Mahajan et al., 2002), initiation of DNA replication (ORC1, ORCA4,
ORC6, CDT1, CDC6) (Stillman, 2005) or RNA splicing (RNU4ATAC) (Schneider et
al., 2002).

In summary, mutations in centrosomal proteins or proteins that have DNA
damage and repair functions are interfering with human brain development and/or
body growth. The underlying defects most likely lead to errors in cell cycle
progression, mitotic spindle orientation or they might trigger apoptosis of

neuroprogenitors.
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MCPH
Genetic Locus Protein name Localization Function
MCPH1 Microcephalin Centrosome DNA (_1amage response, Control of
mitotic entry
MCPH2 WDR62 Centrosome JNK signaling, Spindle formation
CDK5RAP2 PCM organization, Centriole
MCPH3 or Cep215 Centrosome cohesion/engagement, DNA repair
MCPH4 CASC5 Kinetochore MT a'Ftachment to kinetochores, SAC
or KNL-1 function
MCPH5 ASPM Centrosome Spindle orientation
MCPH7 STIL Centrosome Centriole duplication factor
MCPHS8 CEP135 Centrosome Centriole duplication factor
MCPH10 ZNF335 Nucleus Componfant ofa chromatin
remodeling complex
MCPH12 Cdké6 Centrosome? Control of G1/S phase transition
MCPH-Seckel combination
Polycomb group protein (epigenetic
MCPH11 PHC1 Nucleus modification of DNA)
MCPH6/SCKL4 SAS-4 (CENPJ) Centrosome Centriole duplication factor
MCPH9/SCKL5 Cepl52 Centrosome Centriole duplication factor
SCKL2 RBBP8 Nucleus DNA repair (Endonuclease)
SCKL6 Cep63 Centrosome Centriole duplication factor
Seckel Syndrome
SCKL1 ATR Nucleus DNA damage response
SCKL7 Ninein Centrosome SubdlSt?I appendage protein, MT
nucleation at centrioles
SCKL8 ATRIP Nucleus DNA damage response
Meier Gorlin Syndrome
MGS1 ORC1 Nucleus Initiation of DNA replication
MGS2 ORC4 Nucleus Initiation of DNA replication
MGS3 ORC6 Nucleus Initiation of DNA replication
MGS4 CDT1 Nucleus Initiation of DNA replication
MGS5 CDC6 Nucleus Initiation of DNA replication

Microcephalic Osteodysplastic Primordial Dwarfism, Type I

MOPD I

RNU4ATAC

Nucleus

snRNA, part of spliceosome

Microcephalic Osteodysplastic Primordial Dwarfism, Type II

MOPDII

Pericentrin

Centrosome

PCM protein, MT nucleation at
centrosomes

Table 1: Gene Products Implicated in MCPH or PD. List of proteins associated with
autosomal recessive primary microcephaly (MCPH), primordial dwarfism (Seckel Syndrome,
Meier Gorlin Syndrome, MOPDUI/II) or both diseases (MCPH-Seckel combination). Protein
names, their subcellular localization and protein functions are listed. Green background color
indicates localization of respective proteins to centrosomes/spindle poles, blue background
color was used for nuclear localization and orange background color indicates localization to
kinetochores. RNU4ATAC is not a protein but an snRNA. For more information, see text.

Table was partially adapted from (Verloes et al., 2013).
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2.8 STIL — a Centriole Duplication Factor in Human Cells?

The STIL (SCL/TAL1 interrupting locus, also called SIL) gene has first been identified
due to its involvement in a common chromosomal rearrangement that leads to T-cell
acute lymphoblastic leukemia, by alteration of SCL (Tal7) transcriptional regulation
(Aplan et al., 1991; 1990; Carlotti et al., 2002). STIL codes for a large cytosolic
protein of 1287 amino acids (Aplan et al., 1991; Izraeli et al., 1997). Its expression in
proliferating cells has been shown to depend on E2F transcription factors (Erez et al.,
2008), which trigger the expression of cell cycle regulators that bring about the G1/S
phase transition. This protein has initially been characterized as a mitotic regulator
required for mitotic entry (Erez et al., 2007) and STIL has furthermore been proposed
to cooperate with Pin1, a peptidyl-prolyl cis-trans isomerase, in regulation of the
duration of mitotic checkpoint signaling (Campaner et al., 2005). STIL has also been
implicated in carcinogenesis as its overexpression in multiple cancers, such as
melanoma or lung cancer (Erez et al., 2004), correlates with increased metastatic
potential (Ramaswamy et al., 2003).

Interestingly, STIL seems to be strictly required for vertebrate development, as
STIL disruption in both mouse and zebrafish results in early embryonic death (lzraeli
et al., 1999; Pfaff et al., 2007). STIL (-/-) mouse embryos die after embryonic day
10.5 with defects in axial development and left-right specification, which might arise
due to inadequate sonic hedgehog (shh) signaling (Izraeli et al., 1999). In line with
these findings, a genetic interaction between STIL and the shh pathway has later on
been confirmed (lzraeli et al., 2001), suggesting that STIL is strictly required for shh
signaling.

Similarly, STIL loss of function in zebrafish resulted in embryonic death and
increased numbers of mitotic cells. The increase in mitotic cells correlated with an
increase in monopolar spindles, suggesting that STIL might be required for mitotic
spindle assembly, which has been confirmed by the observed localization of STIL to
mitotic spindle poles. Even though a lower number of centrosomes in STIL deficient
zebrafish cells was described, a function of STIL in centriole duplication had not been

taken into account at that time.
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Finally, mutations in STIL have been associated with MCPH (Kumar et al.,
2009), a brain disease which is linked to centrosomal defects. These latter findings
are interesting in regard to a proposed function of STIL in centriole biogenesis.
Based on sequence alignments, it has recently been suggested that STIL might be
related to the C. elegans SAS-5 and Drosophila Ana2 duplication factors (Stevens et
al., 2010a). The observation that STIL (-/-) mouse cells lack clear centrosomes
strengthens this proposal (Castiel et al., 2011). However, STIL and Ana2/SAS-5
exhibit large size differences (with STIL being roughly three times as large as Ana2
or SAS-5), and sequence similarity is low and restricted to a short, 87 amino acid
stretch called STAN motif. This left doubts as to whether these proteins might be true
relatives. Therefore, we considered it important to test the role of STIL in centriole
biogenesis in human cells (subject of this thesis, see results section). Intriguingly, if
confirmed, a function of STIL in centriole duplication could explain previous findings
that implicated STIL in the regulation of mitotic progression and shh signaling, as loss

of centrioles would be predicted to interfere with both of these processes.

36



3. AIM OF THIS PROJECT



AIM OF THIS PROJECT

Here, we have analyzed the role of human STIL in centriole biogenesis. Two reasons
prompted us to study whether this protein is implicated in centriole duplication: First,
mutations in STIL have been linked to autosomal recessive primary microcephaly
(MCPH), a neurodevelopmental disease which is connected to centrosomes,
although the precise nature of this link is unknown. Second, and most intriguingly,
sequence alignments led to the proposal that STIL might be a distant relative of the
C. elegans SAS-5 and Drosophila Ana2 duplication factors.

After having revealed that human STIL cooperates with Plk4 and HsSAS-6 in
centriole formation, we were intrigued by the finding that excess STIL triggers robust
centriole amplification, which is a hallmark of many cancer cells. We therefore
decided to study the mechanisms that regulate the abundance of STIL throughout the
cell cycle. By doing so, we not only uncovered a mechanism that results in complete
destruction of STIL, but also found a provocative link to MCPH that might explain why

mutations in STIL interfere with human brain development.
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Summary

Control of centriole number is crucial for genome stability and ciliogenesis. Here, we characterize the role of human STIL, a protein that
displays distant sequence similarity to the centriole duplication factors Ana2 in Drosophila and SAS-5 in Caenorhabditis elegans. Using
RNA interference, we show that STIL is required for centriole duplication in human cells. Conversely, overexpression of STIL triggers
the near-simultaneous formation of multiple daughter centrioles surrounding each mother, which is highly reminiscent of the phenotype
produced by overexpression of the polo-like kinase PLK4 or the spindle assembly abnormal protein 6 homolog (SAS-6). We further
show, by fluorescence and immunoelectron microscopy, that STIL is recruited to nascent daughter centrioles at the onset of centriole
duplication and degraded, in an APC/C“%2% “"_gependent manner, upon passage through mitosis. We did not detect a stable complex
between STIL and SAS-6, but the two proteins resemble each other with regard to both localization and cell cycle control of expression.
Thus, STIL cooperates with SAS-6 and PLK4 in the control of centriole number and represents a key centriole duplication factor in

human cells.

Key words: APC/C, Centrosome, Centriole duplication, Centriole number, Daughter centriole, STIL

Introduction

Vertebrate centrioles are cylindrical structures that are made up
of nine triplet microtubules and display an evolutionarily
conserved ninefold rotational symmetry (Azimzadeh and
Marshall, 2010). Two centrioles, embedded in a meshwork of
proteins termed pericentriolar material (PCM), constitute the
centrosome, the main microtubule-organizing center (MTOC) of
animal cells (Bornens, 2002; Luders and Stearns, 2007). By
nucleating and anchoring microtubules, centrosomes influence
important cellular properties such as intracellular transport of
organelles and vesicles, cell shape, polarity and motility (Doxsey
et al., 2005). Centrosomes also promote the formation of a
bipolar spindle at the onset of mitosis, thus contributing to the
faithful segregation of chromosomes during cell division
(Bettencourt-Dias and Glover, 2007; Nigg and Raff, 2009). The
second major role of centrioles relates to their ability to function
as basal bodies for the formation of cilia and flagella, which in
turn play key roles in motility as well as in chemo- and
mechanosensation (Goetz and Anderson, 2010). Mutations in
genes coding for centrosomal proteins or centriole and basal body
components have been linked to brain diseases and ciliopathies
(Nigg and Raff, 2009; Bettencourt-Dias et al., 2011). Moreover,
numerical and/or structural centrosome aberrations have long
been implicated in carcinogenesis (Nigg, 2002; Zyss and
Gergely, 2009). Biogenesis and propagation of appropriate
numbers of centrioles is crucial for cell function and genome
integrity. During the cell cycle, the two centrioles that make up
the G1 centrosome need to be duplicated exactly once (Strnad
and Gonczy, 2008). Centriole duplication begins at the onset of S
phase, when one new centriole (termed procentriole or daughter

centriole) forms at a perpendicular angle next to the proximal end
of each pre-existing centriole (termed the parental or mother
centriole). Procentriole elongation then continues through G2
phase so that before mitosis each centrosome contains one pair of
centrioles. At the onset of mitosis, the duplicated centrosomes
separate and contribute to the formation of the bipolar mitotic
spindle. Association with the spindle ensures the equal
distribution of centrioles to nascent daughter cells. Late in
mitosis, the tight connection between mother and daughter
centriole is severed in a process termed centriole disengagement,
which requires the protease separase as well as the mitotic polo-
like kinase PLK1 (Tsou and Stearns, 2006a; Tsou et al., 2009).
Furthermore, daughter centrioles acquire the competence to
organize PCM during passage through mitosis and this also
requires the activity of PLK1 (Wang et al., 2011). Thus, traverse
of mitosis sets the stage for a new round of centriole duplication
in the ensuing cell cycle (Tsou and Stearns, 2006b).

Pioneering work in the nematode Caenorhabditis elegans led
to the identification of five proteins, a kinase termed ZYG-1 and
four coiled-coil proteins, named SPD-2, SAS-4, SAS-5 and SAS-
6, whose recruitment to the preexisting centriole is essential for
centriole duplication (Strnad and Goncezy, 2008). The first protein
to be recruited to the centriole in C. elegans is SPD-2, which in
turn is essential for the localization of ZYG-1. Subsequently, the
assembly of a complex of SAS-5 and SAS-6 promotes the
formation and elongation of a central tube and SAS-4 is thought
to assist in the deposition of singlet microtubules onto this tube,
resulting in the formation of a new daughter centriole (Pelletier
et al., 2006). In other organisms, notably in Chlamydomonas and
vertebrates, procentriole formation is characterized by the
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assembly of a so-called cartwheel structure, which presumably
serves as an assembly platform for the outgrowth of the
procentriole. Importantly, SAS-6 has recently been identified as
a key component of the cartwheel (Nakazawa et al., 2007) and
shown to confer ninefold symmetry to this structure (Kitagawa
et al., 2011: van Breugel et al., 2011).

Of the centriole duplication factors described above, SPD-2,
SAS-4 and SAS-6 show clear evolutionary conservation in other
species. Curiously, no obvious homolog of ZYG-1 has been
identified outside of nematodes, but polo-like kinase 4 (PLK4; also
known as SAK) clearly plays a functionally analogous role in
Drosophila and vertebrates. C. elegans SAS-5 also lacks obvious
structural homologs outside of nematodes. Thus, it is of
considerable interest that the Drosophila protein Ana2 has
recently been identified as a potential functional ortholog of
SAS-5 (Stevens et al., 2010). Furthermore, database searches led to
the suggestion that STIL (SCL/TALI interrupting locus), a large
cytosolic protein in human cells, could represent a SAS-5 and Ana2
ortholog in vertebrates. In support of this view, all three proteins
share sequence similarity within a short, ~90 aa C-terminal domain
called the STAN (STIL/Ana2) motif (Stevens et al., 2010). The
human S7/L gene was first identified in the context of a genomic
rearrangement that leads to T-cell acute lymphoblastic leukemia
(Aplan et al., 1991). In mouse and zebrafish, STIL was shown to be
essential for early vertebrate development (Izracli et al., 1999;
Golling et al., 2002; Pfaff et al., 2007). Moreover, STIL expression
was reported to be high in lung cancer (Erez et al., 2004) and most
interestingly, mutations in STIL were recently shown to cause
primary microcephaly (Kumar et al., 2009). Additional studies
point to a possible role for STIL in cell proliferation, mitotic
regulation and centrosome integrity (Izraeli et al., 1997; Campaner
et al., 2005; Erez et al., 2007; Castiel et al., 2011), but the precise
function of this protein remains unknown.

Here, we have explored a possible role for STIL in centriole
biogenesis in human cells. In view of the close relationship
between SAS-6 and SAS-5 in C. elegans, we have focused
particular attention on a possible functional interaction between
STIL and human SAS-6. Our results unequivocally identify
human STIL as a key centriole duplication factor that is essential
for cell-cycle-regulated centriole formation. Although no stable
complex between STIL and SAS-6 could be observed in human
cells, we show that the two proteins strongly resemble each other
with regard to their localization and cell-cycle-regulated
expression. We further show that overexpression of STIL leads
to the near-simultancous formation of multiple daughter
centrioles surrounding ecach mother, a phenotype previously
observed for overexpression of both SAS-6 and the kinase PLK4
(Habedanck et al., 2005; Leidel et al., 2005; Strnad et al., 2007).
This argues for a tight cooperation between STIL, SAS-6 and
PLK4 in centriole biogenesis in human cells.

Results

STIL is required for centriole duplication

To test whether STIL is necessary for centriole duplication in
human cells, we depleted the protein from asynchronously
growing U20S cells by RNA interference. Three different siRNA
oligonucleotides efficiently depleted STIL after 72 hours of
treatment, as confirmed by western blot analysis using a
commercial antibody against STIL (Fig. 1A). Centrioles were
counted after staining of cells with antibodies against Cep135 and
CP110, which mark, respectively, the proximal and distal ends of
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Fig. 1. STIL is required for centriole duplication in U20S cells.
Asynchronously growing U20S cells were transfected for 72 hours with
control siRNA (GL2), three different ST/L siRNAs (STIL1-STIL3) or PLK4
siRNA oligonucleotides. (A) Western blot analysis of STIL protein levels in
control (GL2) and STIL-depleted U20S cell lysates (STIL1-STIL3), using
the STIL antibody ab89314 and an antibody against o-tubulin as a loading
control. (B) After siRNA treatment, U20S cells were fixed and stained with
antibodies against CP110 (red) and Cepl35 (green) for immunofluorescence
microscopy. DNA was stained with DAPI (blue). Yellow rectangles illustrate
probable orientation of centrioles. (C) Centriole numbers per cell in response
to treatment with GL2, STIL or PLK4 siRNA, as in B. (n=3, 100 cells were
analyzed in each experiment, error bars denote s.d.). Scale bars: 1 um
(magnifications) and 5 um (overview; Merge + DAPI).

centrioles (representative images are shown in Fig. 1B). Owing
to the proximity of their proximal ends, mother and daughter
centrioles are difficult to resolve by anti-Cep135 staining, so that
anti-Cepl35 antibodies generally produce a two-dot staining
pattern throughout interphase, regardless of centriole duplication
state. By contrast, the distal ends of mother and daughter
centrioles are well separated so that anti-CP110 antibodies
usually stain four dots shortly after daughter centrioles begin to
form (Kleylein-Sohn et al., 2007). Cells with either two or four
CP110-positive dots were regarded as normal, whereas cells
harboring only a single centriole or lacking centrioles altogether
were considered defective in centriole duplication. The majority
of cells treated with control siRNA oligonucleotides (GL2)

42



®
(&}
=
Q2
o
1))
©
O
b
o
=
=
p—
=
o
=

RESULTS

1344 Journal of Cell Science 125 (5)

contained either two or four centrioles (CP110 dots). By
stark contrast, about 60% of STIL-depleted cells possessed
fewer than two centrioles (Fig. 1C). A similar reduction in
centriole number was observed when PLK4, a key regulator of
centriole duplication (Bettencourt-Dias et al., 2005; Habedanck
et al, 2005), was depleted. Virtually identical results were
also obtained after siRNA treatment of HelLa S3 cells
(supplementary material Fig. S1A,B). Concomitant with a
reduction of centriole numbers in approximately 90% of STIL-
depleted HeLa cells, we also observed a significant increase in
abnormal mitotic spindles, as reported previously (Pfaff et al.,
2007). About 60% of STIL-depleted mitotic HeLa cells contained
monopolar spindles, whereas nearly 30% showed bipolar spindles
with one acentriolar pole (supplementary material Fig. S1C).

A CP110 / STIL

Merge + DAPI

Taken together, these data strongly support the notion that STIL
is required for centriole duplication.

STIL localizes to the proximal end of daughter centrioles
Because the antibody used above did not detect endogenous STIL
by immunofluorescence microscopy, we generated a polyclonal
antibody targeting the C-terminus of STIL (amino acids 938-
1287, supplementary material Fig. S2A). In western blots,
this antibody (termed ca66) readily recognized FLAG-tagged
STIL ectopically expressed in HEK293T cells, but endogenous
protein was undetectable (supplementary material Fig. S2B).
By immunofluorescence microscopy, ca66 clearly stained
the centrosome and this staining was lost upon siRNA-
mediated depletion of STIL, confirming antibody specificity

Merge

Merge + DAP|

Fig. 2. STIL specifically localizes to the proximal end of daughter centrioles. (A) U20S cells fixed and stained with antibodies against STIL (ca66, green) and
CP110 (red); DNA (DAPI) is shown in gray. (B) STIL localizes closer to Cepl64-negative centrioles. U20S cells fixed and stained with antibodies against STIL
(ca66, green), CP110 (red) and Cepl64 (blue); DNA (DAPI) is shown in gray. The presumed orientation of the Cep164-positive mother centriole (M) is depicted
with a yellow rectangle, the orientation of the respective Cepl64-negative daughter centriole (D) with a white rectangle. The scheme to the left illustrates the
relative localization of STIL (green), CP110 (red) and Cep164 (blue) within this centriole pair. (C) STIL colocalizes with SAS-6. U20S cells were fixed and
stained with antibodies against STIL (ca66, green), SAS-6 (red) and CP110 (blue); DNA (DAPI) is shown in gray. The presumed orientation of the
SAS-6-negative mother centriole (M) is depicted with a yellow rectangle, the orientation of the respective SAS-6-positive daughter centriole (D) with a white
rectangle. The scheme to the left illustrates the relative localization of STIL (green), SAS-6 (red) and CP110 (blue) within this centriole pair. (D) As shown by
immunoclectron microscopy STIL localizes close to the interphase between mother and daughter centrioles (top row). U20S cells were fixed and incubated
with antibodies against STIL (ca66), followed by gold-labeled secondary antibodies. Schematic representations (bottom row) illustrate the orientation of mother

(M) and daughter (D) centrioles; the localization of gold particles is denoted by black dots. Scale bars: 5 pm (A-C, Merge +

higher magnifications), 0.5 um (D).

DAPI) and 1 pum (A-C, all
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(supplementary material Fig. S2C). Ca66 was then used to
determine the precise subcellular localization of STIL by
immunofluorescence microscopy. When co-staining S, G2 or
early mitotic cells with antibodies against STIL and CP110, STIL
was consistently detected as a single dot at each centriole pair
(marked by two CP110 dots) (Fig. 2A). To distinguish between
mother and daughter centrioles within each pair, co-staining was
performed using antibodies against Cepl64, a distal appendage
protein that marks mature mother centrioles (Graser et al., 2007).
Invariably, STIL was found closer to the Cep164-negative CP110
dot, implying that it associates with the daughter centriole
(Fig. 2B). This conclusion was further strengthened by the
observation that STIL colocalized with SAS-6 (Fig. 2C), an
evolutionarily conserved component of the cartwheel structure
that assembles transiently at the proximal end of newly forming
daughter centrioles (Leidel et al., 2005; Kleylein-Sohn et al.,
2007; Strnad et al., 2007; Kitagawa et al., 2011; van Breugel
etal., 2011). Finally, the association of STIL with newly forming
daughter centrioles could also be demonstrated by
immunoelectron microscopy (Fig. 2D). Taken together, these
data indicate that STIL localizes specifically to the proximal part
of daughter centrioles, where it colocalizes with the centriole
duplication factor SAS-6.

Association of STIL with centrioles is regulated during the
cell cycle

To study the association of STIL with centrioles throughout the
cell cycle, we stained asynchronously growing U20S cells with
antibodies against STIL, CP110 and Cep135. Cep135 served as a
marker for centrioles and CP110 was used to time the emergence
of newly forming centrioles during S phase (Chen et al., 2002;
Kleylein-Sohn et al., 2007). In parallel, DNA was stained with
DAPI to distinguish between interphase and mitotic cells and to
identify different mitotic stages. Of the G1 cells, characterized by
the presence of only two centrioles, some lacked detectable STIL,
whereas others were clearly positive for STIL, even though no
CP110-positive daughter centrioles could yet be seen (Fig. 3A).
This strongly suggests that STIL associates with nascent daughter
centrioles at a very early stage of centriole duplication, in
excellent agreement with our immunoelectron microscopy data
(Fig. 2D, right panel). To analyze the timing of STIL recruitment

Fig. 3. Localization of STIL to centrioles is cell-cycle dependent.

(A) Asynchronously growing U20S cells fixed and stained for
immunofluorescence microscopy with antibodies against STIL (ca66, green),
CP110 (red) and Cep135 (blue); DNA (DAPI) is shown in gray.
Representative images are shown for the different cell cycle stages
(determined by the number of centrioles in interphase and DNA stain in
mitosis). (B) Nocodazole (Noco)-arrested U20S cells were released into
mitosis in the presence or absence of MG132 and subjected to western blot
analysis at different time points after release, using antibodies against STIL
(ab89314) and cyclin B1. o-tubulin was monitored as loading control.

(C) Same experiment as described in B except that Cdk]1 inhibitor (RO-3306)
was added to both MG132-treated and untreated cells. Anti-phospho-histone
H3 (Serl0) antibodies were used to monitor mitotic progression.

(D) Nocodazole (Noco)-arrested HeLa S3 cells previously treated with GL2
(control) or siRNA oligonucleotides targeting Cdc20 and/or Cdhl were
released into mitosis in the presence of Cdk1 inhibitor (RO-3306) and
subjected to western blot analysis at different time points after release, using
antibodies against STIL (ab89314), cyclin Bl, Cdc20 and Cdhl. a-tubulin
was monitored as a loading control. Scale bars: 5 um (Merge + DAPI) and
1 um (higher magnifications).

more precisely, nocodazole-arrested U20S cells were released
into G1 phase and both the abundance and localization of STIL
were monitored at different time points (supplementary material
Fig. S3). Western blot analysis revealed that STIL protein
levels were low in early Gl phase (4 hours after release)
and progressively augmented towards the G1-S transition (8-
12 hours after release; marked by the appearance of the CDK2
activator cyclin E1) (supplementary material Fig. S3A). As
shown by immunofluorescence microscopy, the vast majority of
cells lacked STIL at their two (unduplicated) centrioles 4 hours
after the nocodazole release; however, by 8 hours after release,
STIL was present at centrioles in all cells showing duplicated
centrioles (four CP110 dots) and also in half of those that showed
only two CP110 dots (unduplicated centrioles) (supplementary
material Fig. S3B). This indicates that STIL is recruited to
daughter centrioles before these can be resolved by CP110
staining. Finally, by 12 hours after release, most cells had
undergone centriole duplication and about 90% of all cells
showed STIL-positive centrioles (supplementary material Fig.
S3B,C). Thus, whenever a cell contained duplicated centrioles.
STIL was invariably present, confirming that STIL is recruited
very early during the formation of new centrioles.

After the G1-S transition, centriolar STIL staining gradually
increased as cells approached mitosis, so that maximal staining
was seen at the poles of pro- and prometaphase cells (Fig. 3A).
However, at around the time of the metaphase-to-anaphase
transition, STIL staining began to decline and was completely
abolished in late anaphase and telophase cells, suggesting that
STIL either gets displaced from centrosomes or degraded during
exit from mitosis. To distinguish between these possibilities, we
analyzed STIL protein levels in U20S cells released from a
nocodazole-induced prometaphase arrest. As revealed by western
blotting, STIL levels diminished 1-2 hours after release from
nocodazole, coincident with a drop in levels of cyclin Bl, a
prominent substrate of the anaphase promoting complex/
cyclosome (APC/C) (Peters, 2006) (Fig. 3B). Identical results
were also seen in HeLa S3 cells (supplementary material Fig.
S4), confirming and extending an earlier study showing that
levels of murine STIL protein, but not mRNA, are reduced in late
mitosis (Izraeli et al., 1997). Addition of the proteasome inhibitor
MG132 completely blocked STIL degradation, indicating a
requirement of the proteasome (Fig. 3B). To rule out cell-cycle
effects, nocodazole-arrested cells were also treated with the Cdk1
inhibitor RO-3306 to enforce exit from mitosis even in the
presence of MG132 (Fig. 3C). Under these conditions, mitotic
exit occurred, as demonstrated by use of an anti-phospho-histone
H3 (Serl0) antibody, and STIL was rapidly degraded in the
control sample, but stable in the absence of proteasomal activity.
Interestingly, inactivation of Cdkl by RO-3306 resulted in a
noticeable increase in the electrophoretic mobility of STIL
(Fig. 3C, right panel), suggesting that STIL is a Cdk1-dependent
phosphorylation substrate (Campaner et al., 2005). The above
results suggested that STIL is a likely substrate of APC/C“%¢?
and/or APC/CY“M. To explore this possibility, Cdc20 and/or
Cdhl were depleted by siRNA before synchronizing HeLa S3
cells in prometaphase and monitoring STIL levels upon release of
cells in the presence of the Cdkl inhibitor RO-3306. As shown in
Fig. 3D, STIL was clearly stabilized in response to depletion of
Cdc20, which is similar to results with cyclin B1. Depletion
of Cdhl alone did not produce major effects, but co-depletion of
Cdhl with Cdc20 clearly enhanced stabilization of STIL. The

45



RESULTS

STIL functions in centriole biogenesis 1347

most likely interpretation of these results is that Cdc20 is the
major APC/C adaptor responsible for STIL degradation and that
Cdhl contributes at later stages of mitosis.

Relationship between STIL, Ana2 and SAS-5

To analyze the structural and functional relationship between
STIL, Ana2 and SAS-5 in more detail, we first performed a
BLAST (Basic Local Alignment Search Tool) analysis to search
for homologs of human STIL in other organisms. To our surprise,
we readily identified apparent STIL homologs not only in other
vertebrate species, but also in Hemichordata (Saccoglossus
kowalevskii;  24% identity, 38%  similarity), Cnidaria
(Nematostella vectensis; 20% identity, 39% similarity) and
even Placozoa (7richoplax adhaerens; 17% identity, 26%
similarity) (Fig. 4A). However, although the STIL-related
proteins of Chordata, Hemichordata and Cnidaria comprise up
to 1300 amino acids, those of Drosophila species (Ana2)
comprise only about 400 residues (Fig. 4A). As emphasized
previously (Stevens et al., 2010), extensive sequence similarity

between the various STIL-related proteins is seen in the STAN
motif (Fig. 4B). In addition, we noticed a second region with
high sequence similarity between the STIL and Ana2 families
(Fig. 4B). We refer to this second motif as TIM (truncated in
microcephaly), because it localizes to the extreme C-terminus of
STIL that is truncated in microcephaly patients (Kumar et al.,
2009). Notably, the nematode protein SAS-5 shows lower
sequence conservation over the STAN and the TIM motif
(Fig. 4B).

In C. elegans, SAS-5 has been shown to form a complex with
SAS-6 (Leidel et al., 2005) and likewise, Drosophila Ana2 was
found to bind DSAS-6 (Stevens et al., 2010). Thus, we asked
whether human STIL might similarly interact with SAS-6. We
co-expressed FLAG- or Myc-tagged versions of STIL and SAS-6
and performed co-immunoprecipitation experiments, followed
by western blotting. Regardless of whether tags were placed at
the N- or C-termini of the two proteins, we have so far been
unable to detect any stable complex between STIL and
SAS-6 (supplementary material Fig. S5A,B). Likewise, neither

A Danio rerio Chordata 1263
Rattus norvegicus 1264
8 Bos taurus 1287
= Homo sapiens 1287
0 Gallus gallus 1328
8 — Xenopus laevis 1281
— Saccoglossus kowalevskii Hemichordata 1343 |
o Nematostella vectensis Cnidaria 1313 |
O l Trichoplax adhaerens Placozoa 836 (&
© Drosophila virilis a4 |8
= l Drosophila mojavensis ANopods 427 %
c Drosophila grimshawi 2 |s
> Drosophila pseudoobscura M1 |~
% Drosophila ananassae 427
Drosophila willistoni 444
Drosophila sechellia 419
Drosophila melanogaster 420
Drosophila yakuba 413
0.5 Drosophila erecta 416
B STAN M

Fomo sepens | 1064 ANA TAL WENGLSQLS--VIRSNQON-NCO--PF-SLLNINTORSTVOLSLISPN- - - NMB'
Dos tauus | 11003 ANA L AL NENQLSQLS. - LTRSSON NOGDS.PF-SLLHINTORSTVOLSLISPN Nug 2
Ratus sorvegious [ 1038 ANA LALARESENOLSOLS . - LARSNON-MCDS.-SL-OLLMINSOKSSVOLSLVSPS. . . NMEr KT xK L 1104
Gatus gatus | 11001 ANATAL SENQLSRLS . - LSHSGONPPTOL-CFODILHSNVEKSMVGLSLISPN MM AT K I 11%
Xavopus eevis 11048 ANATAL NESQLNQLS - - LSHANKNKQOSODSISYNSLLPOTTEKSMVOLSLISPS. . - NMEF BT KK 17
Dano reso | 1080 ANA TAL SDOSOLSALS LOSOSSSPHSOPSTI-LLRRPAVEKSNVALSILSPS NMSLATCK 1 128
Saccogorss dowslovsni [ (1170 ANA 1 AMI SOKOLSKLEHHMOEQRHKVSEEKLLOTVLTKAASDKSMFOSSVTOSSSOVNMBL AT ri! L 12
Nomatoatas vacterais |[1175 VOA 1AL TSEQLOOLMOASHKOGKTVAGHH -GV - GSOKNLFRISPVOFTIT. - .. .. NLBURTOW v 1241
Trichoplax sdheerons || 728 AERICERBIBKMFR . . . ... oooonntanaan.. PLOSLKYON. -« ccvvnvvcne. .. NMBFRTVR & 708
Droscphia menogaster || 321 MNE BAL ~ROPVDELMKOMRLGASP: - -« -« .- -KSPNPEPLRPIDONIG. - HAQSPND I SnAS vk L %
Droscphvs sechete || 320 MNEBAL HOPVDELMKDMRLOASP KSPNPEPLRQIDNIG. - HAQSPND I BnAS YK L 382
Decsophiaacecta || 317 MNEBAL “ROPVDELMKOMRLOGSSP - v v v v v ve e KSPNPEPLROIONIG. -HSQSPND I BNASY L 7%
Dvosopteia yoktns || 317 MnEBAL HOPVDELMKEMRLOAS P KSPNPEPLRQIONIS . - HSQSPND I BnES v K L 370
Drosoptia snanassss || 324 MNCEALKNE - AOPVOELMKOMAIGASP . - .« « ... . KSPNPEPLAP IONFT. . HSHSPNOLENAS Y L 208
Drosopti prewdooteceen || 326 MK E BAL K ROPVODLMOFMSLSPSP.  ADVICIOKSPOARPLROIDNINVVNSOSPN K L 300
Drosophis vielis || 320 MNERAL PORQ INELMEDLHVSPKT. .ONDVMVNAGSNSTPLRQIONFS. ... PSPS L e
Drosopts mojevorsss || 326 MNEBALKREPORO I NELMEDLRVSPKP GNEVVSNGTPLRAIDNFN £ 380
Drcscphia primshawt || 310 MNEEAL PORO IHELMOELHVSPKA: « « v vvvunns TATTIPLRPIONFV. - £ 7

244 MNE (RGPVOELMRELHVIOOLPATSS NAPRSPUMAEPLROIONIT

SEAAGKTTARNNRTOV <« o nvnansnn YVEDSSDHEEDVV 304 RANREK YARRY 404
SEAVONTHRNNRTO VY VODSSDOEEE IV AGGRGRANNHEPVETE 208 305 - - - - RREREKYARKK 905
| 331 000 VMY PIEAVOKARRNNRLE Y H VEEVPEVEEEETEVO 33

OROROKKMNEPME TE 380 -RRNREKYSRRK 403

Fig. 4. Relationship between STIL, Ana2 and SAS-5. (A) Phylogenetic tree illustrating relationship between metazoan STIL and Drosophila Ana2 protein
families. The tree was generated on phylogeny.fr (www.phylogeny.fr) using MUSCLE for alignment of amino acid sequences and PhyML (maximum likelihood
method) for phylogeny. Number of amino acids (aa) for cach sequence are indicated to the right. The scale bar indicates 0.5 substitutions per site. (B) Multiple
protein sequence alignment (MUSCLE; colored according to the BLOSUMS62 score, conservation visibility value was set to 30) of STIL/Ana2-related

protein sequences. Regions encompassing highest sequence conservation (colored boxes on a scheme of human STIL) are shown. Alignment of three

SAS-5 protein sequences of nematodes is shown below. STAN, STIL/ANA2; TIM, truncated in microcephaly.
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endogenous nor overexpressed STIL could be seen after
immunoprecipitation of endogenous SAS-6 (supplementary
material Fig. S5C). Although these results do not exclude that
subpopulations of STIL and SAS-6 might interact in vivo, we
have so far been unable to demonstrate such an interaction.

To determine whether STIL and SAS-6 exhibit mutual
dependencies for centriole localization, we depleted the two
proteins separately from asynchronously growing U20S cells and
stained prophase cells (selected by DAPI staining) with
antibodies against STIL, SAS-6 and CP110. Upon depletion of
STIL, SAS-6 was readily detected at centrioles, even though
levels were reduced to about 35% of those seen in control
siRNA-treated cells (Fig. 5A,B). Similar to STIL, SAS-6 is
completely degraded during each passage through mitosis (Strnad
et al., 2007). This argues against the possibility that the SAS-6
protein detected in the STIL-depleted prophase cells could
represent residual SAS-6 that localized to centrioles before the
72 hour siRNA treatment. Rather, it seems likely that SAS-6 can
localize to centrioles in the absence of STIL, although STIL
apparently contributes to its efficient integration into newly
forming daughter centrioles. Conversely, STIL could not be
detected at centrioles when SAS-6 was depleted (Fig. 5A,B),
suggesting that SAS-6 is essential for efficient recruitment and/or
maintenance of STIL at centrioles. To rule out the possibility that
these observations reflect changes in the respective protein levels,
siRNA-treated U20S cells were analyzed in parallel by western
blotting. As shown in Fig. 5C, the efficient depletion of STIL did
not reduce the total abundance of SAS-6 or vice versa, suggesting

that the two proteins do not depend on each other for expression
or stability.

Overexpression of STIL results in centriole amplification

Overexpression of PLK4 or SAS-6 results in centriole
amplification (Leidel et al., 2005; Peel et al., 2007; Strnad
et al., 2007; Cunha-Ferreira et al., 2009; Rogers et al., 2009). To
ask whether overexpression of STIL might produce a similar
phenotype, we overexpressed FLAG-tagged STIL in
asynchronously growing U20S cells and scored centriole
numbers (Fig. 6). About 60% of all STIL-transfected cells
showed extra copies of centrioles, which was similar to the
extent of centriole amplification seen upon overexpression of
PLK4 or SAS-6 (Fig. 6A). Strikingly, about 25% of the STIL-
transfected cells showed centrioles arranged in a flower-
like pattern (Fig. 6B), which was highly reminiscent of the
arrangements seen upon overexpression of PLK4 and SAS-6
(Habedanck et al., 2005; Leidel et al., 2005; Duensing et al.,
2007; Kleylein-Sohn et al., 2007; Strnad et al., 2007). Co-staining
of STIL-transfected cells with antibodies against Cep164, a distal
appendage marker present only on mature mother centrioles
(Graser et al., 2007), confirmed the formation of multiple
daughter centrioles around a single mother centriole (Fig. 6C). In
agreement with STIL localization to the proximal ends of
daughter centrioles (Fig. 2), STIL localized as a ring around the
mother centriole and co-staining with antibodies against SAS-6
revealed extensive colocalization to these ring-like structures,
indicating that the two proteins act in close proximity (Fig. 6D).
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Fig. 5. SAS-6 localizes to centrioles in the absence of STIL. (A) Asynchronously growing U20S cells transfected for 72 hours with GL2, STIL or SAS-6
siRNA oligonucleotides. Cells were fixed and stained with antibodies against STIL (ca66, green), SAS-6 (red) and CP110 (blue) for immunofluorescence
microscopy; DNA (DAPI) is depicted in gray. Representative images of prophase cells are shown (determined by DAPI staining). (B) Quantification of centriolar
levels of STIL and SAS-6 fluorescence in cells treated as described in A. Only prophase cells (determined by DAPI staining) were considered. (2=3, 10 centriolar
pairs were analyzed in cach experiment, error bars denote s.d.). Note that in SAS-6-depleted cells, STIL is completely absent from centrioles, whereas in STIL-
depleted cells, SAS-6 localizes to centrioles (albeit in reduced amounts). (C) Western blot analysis of STIL and SAS-6 protein levels in control- (GL2), STIL-
(STIL 1-3) and SAS-6-depleted U20S cell lysates, probed with antibodies against STIL (ab89314), SAS-6 and x-tubulin for loading control. Scale bars: 5 um

(Merge + DAPI) and 1 um (higher magnifications).
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Fig. 6. STIL overexpression results in centriole amplification. Asynchronously growing U20S cells were transfected with plasmids encoding FLAG-tagged
STIL, PLK4 or SAS-6 or empty vector. After 48 hours, cells were fixed and stained with antibodies against the FLAG tag (green), CP110 (red) and Cep135 (blue);
DNA (DAPI) is shown in gray. Cells were then analyzed by fluorescence microscopy. (A) The number of centrioles per transfected cell was determined based on
CP110 staining. The graph illustrates the percentage of cells in each indicated category for control-, STIL- PLK4- and SAS-6-transfected cells (n=3, 50 cells were
analyzed in each experiment, error bars denote s.d.). (B) Representative images are shown for STIL-transfected and control cells. Note that in cells overexpressing
STIL, multiple procentrioles form around a single centriole. (C) U20S cells transiently expressing FLAG-tagged STIL were further stained with antibodies
against CP110 (red), STIL (ca66, green) and Cepl64 (blue). Representative images are shown and a scheme illustrates the localization of CP110 (red), STIL
(green) and Cep164 (blue) to the flower-like structures. Note that Cepl64, a marker for mature mother centrioles, localizes to the central centriole. (D) U20S cells
transiently expressing FLAG-tagged STIL were stained with antibodies against CP110 (red), STIL (ca66, green) and SAS-6 (blue). Note that both STIL and
SAS-6 colocalize as a ring around the central centriole. Scale bars: 5 um (Merge + DAPI) and 1 um (all higher magnifications).

In conclusion, our data demonstrate that depletion of
STIL interferes with daughter centriole formation, whereas
overexpression of STIL causes the near-simultaneous formation
of multiple daughter centrioles. This indicates that STIL plays a
crucial and direct role in centriole duplication and further
suggests that levels of this protein must be tightly controlled in
human cells to prevent centriole overduplication.

Discussion

Here we demonstrate that STIL participates directly in the
formation of new centrioles in human cells. We further show that
STIL expression is regulated during the cell cycle and that
physiological levels of STIL are crucial for the control of

centriole numbers. siRNA-mediated depletion of STIL from
human cells severely suppresses centriole duplication.
Conversely, overexpression of STIL triggers centriole
amplification, characterized by the formation of multiple
daughter centrioles around a single preexisting mother
centriole, which is similar to the phenotypes seen upon
overexpression of PLK4 and SAS-6. So far, we have not been
able to detect stable complexes between STIL and SAS-6.
However, the two proteins partly depend on each other for
centriole association and they are subject to strikingly similar cell
cycle regulation. Similar to SAS-6, STIL associates with newly
forming procentrioles at an early stage of centriole formation
during G1 phase. STIL then remains associated with daughter
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centrioles until the metaphase-to-anaphase transition of mitosis,
when the protein undergoes APC/CE%?* €I _gependent
proteasomal degradation. Collectively, these data identify STIL
as a protein that is crucial for the formation of centrioles in
correct numbers and they point to close cooperation between
STIL, SAS-6 and PLK4 in centriole biogenesis.

Of the five gene products required for centriole duplication in
C. elegans (Strnad and Goncezy, 2008), three (SPD-2, SAS-4 and
SAS-6) have obvious structural homologs (CEP192, CPAP and
SAS-6, respectively) in humans. Furthermore, PLK4/Sak almost
certainly represents a functional homolog of nematode ZYG-1.
By striking contrast, bioinformatics approaches failed to identify
a clear ortholog (outside nematodes) for the coiled-coil protein
SAS-5. Our current study suggests that proteins of the STIL/Ana2
family are present throughout Metazoa, but show only limited
sequence similarity to nematode SAS-5. This notwithstanding,
we provide direct evidence for a crucial role of STIL in centriole
biogenesis and number control. By both immunofluorescence and
immunoelectron microscopy we show that STIL localizes at the
proximal end of newly forming daughter centrioles. At this site, it
colocalizes with SAS-6, a highly conserved centriole duplication
factor and component of the cartwheel structure (Leidel et al.,
2005; Nakazawa et al., 2007; Strnad et al., 2007; van Breugel
etal., 2011). Importantly, although the localization of STIL to the
centriole depends on SAS-6, SAS-6 can associate with centrioles
in the absence of STIL, albeit in reduced amounts. This
observation illustrates a striking difference to C. elegans, where
SAS-5 and SAS-6 are mutually dependent for their centriolar
localization (Leidel et al., 2005). A further difference between
STIL and nematode SAS-5 concerns the fact that we have not
been able to recover a stable complex between STIL and human
SAS-6. Clearly, these negative results do not exclude a transient
interaction between the two proteins. However, we emphasize
that STIL and SAS-5 also differ with regard to localization.
Whereas STIL localization is clearly restricted to daughter
centrioles (this study) and Ana2 also shows an asymmetrical
localization (Stevens et al., 2010), SAS-5 shuttles between the
cytoplasm and both mother and daughter centrioles throughout
the cell cycle (Delattre et al., 2004). Thus, the question of
whether or not STIL should be considered a genuine ortholog of
C. elegans SAS-5 remains difficult to answer.

The properties of STIL in vertebrate organisms have been
explored in previous studies. Although these have not directly
addressed a role of STIL in centriole biogenesis, we propose that
a centriole-related function of STIL can explain most, if not all,
of the phenotypes that were previously observed upon
inactivation of the gene encoding STIL in zebrafish and mouse.
In particular, loss-of-function mutations of STIL (SIL) in
zebrafish resulted in embryonic lethality, with embryos
showing an increase in mitotic index and disorganized mitotic
spindles (Pfaff et al., 2007). The same authors also reported
mitotic spindle defects in HeLa cells, as confirmed in our present
study. Similarly, STIL-deficient mouse embryonic fibroblasts
were shown to display defects in cell cycle progression (Castiel
et al., 2011). STIL-knockout (Stil”’") mice die at embryonic day
10.5, with prominent axial midline defects and randomized
cardiac looping, consistent with a block in Sonic hedgehog (Shh)
signaling (Izraeli et al., 1999). These phenotypes are in line with
the notion that Shh signaling operates through the ciliary
apparatus (Wong and Reiter, 2008; Goetz and Anderson, 2010).
In humans, mutations in the S7/L gene have been linked to

primary autosomal microcephaly (Kumar et al., 2009), a
neurodevelopmental disease characterized by abnormally small
brain size. Interestingly, most of the genes identified to date that
cause this disease code for centrosomal proteins (Thornton and
Woods, 2009). Finally, it is intriguing that S7/L expression is
regulated by the transcription factor E2F (Erez et al., 2008),
which has previously been shown to be important for the
induction of centriole duplication in somatic cells (Meraldi et al.,
1999). Thus, as a target of E2F, ST/L might represent an
important element in the coupling of centriole duplication to cell
cycle cues.

STIL expression is tightly regulated during the cell cycle, with
maximal protein levels seen during early mitosis. This might
explain why a previous immunolocalization study (Pfaff et al.,
2007) emphasized an association of STIL with mitotic spindle poles,
but did not detect the association of STIL with interphase centrioles
that we report in this study. Although STIL levels at daughter
centrioles increase as cells approach mitosis, STIL disappears from
centrioles at around the metaphase-to-anaphase transition, as a result
of proteasome-mediated degradation. Regulation of STIL protein
levels is crucial because overexpression of STIL induces centriole
amplification. In particular, excess STIL causes the near-
simultancous formation of multiple daughter centrioles, which is
highly reminiscent of the phenotype seen upon overexpression of
PLK4 and SAS-6 (Habedanck et al., 2005; Leidel et al., 2005;
Duensing et al., 2007; Kleylein-Sohn et al., 2007; Strnad et al.,
2007). Thus, STIL cooperates with PLK4 and SAS-6 in the
maintenance of constant centriole numbers during cell proliferation.
The same conclusion has independently been drawn in a parallel
study (Tang et al., 2011).

Materials and Methods

Cloning procedures

A full-length ¢DNA for STIL (clone IRCMp35012H1125D) was obtained from
ImaGenes and amplified by PCR using the following oligonucleotides: 5'-
CAAGCGGCCGCTTAAAATAATTTTGGTAACTGTC-3" and 5'-CAAGCGGC-
CGCAATGGAGCCTATATATCCTTTTG-3". A Norl digest of the PCR product
was cloned into pcDNA3.1-NFLAG and pcDNA3.1/3xmyc-A (Invitrogen). The
full-length ¢cDNA of ST/L was further amplified using oligonucleotides 5'-
TTTTGGCCGGCCATCATGGAGCCTATATATCCTTTTG-3" and 5'-TTTTCT-
CGAGATCATGGAGCCTATATATCCTTTTG-3" and cloned into pcDNA3.1-
CFLAG using restriction enzymes Fsel and Xhol. A full-length S456 cDNA was
amplified using oligonucleotides 5'-TTTTGGTACCATCATGAGCCAAGTGC-
TGTTC-3" and S'-TTTTGCGGCCGCACTGTTTGGTAACTG-3". The PCR
product was digested with Norl and Kpnl and cloned into pcDNA3.1-Cmyc, using
restriction enzymes Notl and Kpnl. Full-length SAS6 ¢cDNA was further cloned into
pcDNA3.1-NFLAG using restriction enzymes Af/Il and Xhol. Cloning of PLK4
plasmids was described previously (Habedanck et al.. 2005).

Antibody production and immunofiuorescence microscopy

Rabbit polyclonal antibodies against His-STIL (aa 938-1287) were raised at
Eurogentec (LIEGE Science Park, Seraing, Belgium) and immunoglobulins
purified on a Protein A column according to standard protocols. Anti-CP110
(Schmidt et al., 2009), anti-Cepl135 (Kleylein-Sohn et al.,, 2007), anti-PLK4
(Guderian et al., 2010), anti-SAS-6 (Kleylein-Sohn et al., 2007) and anti-Cep164
(Graser et al., 2007) antibodies were described previously. Anti-a-tubulin-FITC
and anti-FLAG antibodies were purchased from Sigma. CP110 and SAS-6
antibodies were directly coupled to Alexa Fluor 555, Cep135 antibodies to Alexa
Fluor 488 and Cepl64, CP110 and Cepl35 antibodies to Alexa Fluor 647, using
labeling kits (Invitrogen). Alexa-Fluor-488-labeled secondary anti-mouse and anti-
rabbit antibodies were purchased from Invitrogen. Cells were fixed in methanol for
5 minutes at —20°C. Antibody incubations and washings were performed as
described previously (Meraldi et al., 1999). Stainings were analyzed using a
DeltaVision microscope on a Nikon TE200 base (Applied Precision), equipped
with a PlanApo 100 x/1.4 NA oil-immersion objective. Serial optical sections
were collected 0.2 um apart along the z-axis and processed using a deconvolution
algorithm and projected into one picture using Softworx (Applied Precision). For
quantification of centrosomal STIL and SAS-6 protein levels in Imagel, images
from control and treated samples were acquired with the same exposure time and
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sum projected. Background signal intensity was subtracted from STIL and SAS-6
signal intensity.

Immunoelectron microscopy

For electron microscopy, cells were grown on coverslips and fixed with methanol
for 5 minutes at —20°C. Blocking in PBS with 2% BSA was performed for
30 minutes. Primary antibody incubations were performed for 60 minutes,
followed by incubation with goat-anti-rabbit 1gG-Nanogold (1:50, Nanoprobes)
for 45 minutes. Cells were then fixed with 2.5% glutaraldehyde for 1 hour.
Nanogold was silver enhanced with HQ Silver (Nanoprobes). Cells were further
processed as described previously (Fry et al., 1998).

Cell culture and transfections

U208, HeLa S3 or HEK293T cells were grown under standard conditions.
Transient transfections were performed using TransIT-LT1 transfection reagent
(Mirus Bio) according to the manufacturer’s protocol.

siRNA-mediated protein depletion

STIL, Cdc20 and Cdhl were depleted using siRNA duplex oligonucleotides
targeting the following sequences: STIL1, 5'-CTGTCACTCGATCGAACCAAA-
3", STIL2, 5'-AAGTAAAGAACCTTAAACCAA-3"; STIL3, 5'-AACTGAGGA-
TTTGGAATTAAA-3"; Cdc20, 5'-AACATCAGAAAGCCTGGGCTT-3"; Cdhl,
5'-AATGAGAAGTCTCCCAGTCAG-3". PLK4 and SAS-6 were depleted using
the siRNA duplex oligonucleotides described previously (Habedanck et al., 2005;
Leidel et al., 2005). Luciferase duplex GL2 was used as a control (Elbashir et al.,
2001). siRNA duplex oligonucleotides were purchased from Qiagen. Transfections
were performed using Oligofectamin (Invitrogen) according to the manufacturer’s
protocol.

Cell extracts, immunoprecipitation and western blots

Cell lysates and western blot analysis were performed as described previously
(Chan et al., 2009) using Tris lysis buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl,
0.5% IGEPAL CA-630) containing protease and phosphatase inhibitors. For
immunoprecipitation experiments, 20 pug of antibody crosslinked to Protein A
beads (Affi-Prep protein A matrix, Bio-Rad Laboratories) were used. Beads were
incubated with 2-5 mg of lysate for 2 hours at 4°C. Beads were washed twice with
Tris lysis buffer followed by three washes in PBS. Bound proteins were resolved by
SDS-PAGE. The following antibodies were used for western blotting: polyclonal
anti-STIL antibodies (ab89314, Abcam), monoclonal anti-myc (9E10) (Evan et al.,
1985), monoclonal anti-cyclin-B1 (GNS3, Millipore), monoclonal anti-cyclin-E
(HEI2, Abcam). monoclonal anti-SAS-6 (Kleylein-Sohn et al., 2007), monoclonal
anti-a-tubulin (Sigma), polyclonal anti-phospho-Histone H3 (Millipore), polyclonal
anti-Cdc20 (sc8358, Santa Cruz) and monoclonal anti-Cdh1 (DHO1, Millipore).

Cell cycle synchronization and proteasome inhibition

To analyze endogenous STIL protein levels during mitosis, HeLa S3 cells were
presynchronized in thymidine (2 mM, Sigma) before they were released and
arrested at prometaphase by incubation for 14 hours with nocodazole (50 ng ml ™',
Sigma). U20S cells were directly arrested at prometaphase by incubation with
nocodazole (as for HeLa S3 cells). After mitotic shake off and release into fresh
medium, the synchronized cells were collected at different time points for western
blot analysis. To inhibit the 26S proteasome, nocodazole-arrested cells were
released and treated with MG132 (10 uM, Calbiochem). To force mitotic exit of
MG132-treated or Cdc20- and Cdhl-depleted cells, Cdkl inhibitor RO-3306
(9 uM, Enzo Life Science) was provided in addition.

Phylogenetic analysis

STIL homologs were identified by BLAST (Basic Local Alignment Search Tool)
analysis. Protein sequences were aligned using the MUSCLE (multiple sequence
alignment by log-expectation) sequence aligning algorithm (Edgar, 2004) in
Jalview (Waterhouse et al., 2009) and were colored according to the BLOSUMG62
coloring scheme (conservation color increment value was set to 30). Regions with
high sequence conservation were subsequently determined by using the Blocks
Multiple Alignment Processor (minimum block width was set to 5, maximum
block width was set to 200) (Fred Hutchinson Cancer Research Center,
Washington, DC). Phylogenetic trees were calculated on the phylogeny.fr
platform (http://www.phylogeny.fr) (Dereeper et al.,, 2008). Protein sequences
were first aligned with MUSCLE (Edgar, 2004), alignments were checked for
accuracy with G-blocks (Castresana, 2000) and PhyML was used for tree building
(maximum-likelihood method) (Guindon and Gascuel, 2003; Anisimova and
Gascuel, 2006). Trees were rendered using Treedyn (Chevenet et al., 2006).
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STIL is required for centriole duplication in HeLa S3 cells

Asynchronously growing HeLa S3 cells were transfected for 72 h with control siRNA (GL2), three different
STIL siRNA (STIL 1-3) or PLK4 siRNA oligonucleotides. (A) Western Blot analysis of STIL protein levels
in control- (GL2) and STIL-depleted U20S cell lysates (STIL 1-3), probed with the STIL antibody
ab89314 and an antibody against alpha-tubulin for loading control. (B) Control- (GL2), STIL- or PLK4-

depleted cells were stained with antibodies against CP110 (red) and Cep135 (green) for immunofluorescence

microscopy to determine centriolar numbers in each cell (n=3, 100 cells were analysed in each experiment,
error bars denote SD). (C) Control- (GL2) and STIL- (STIL 1) depleted cells were fixed and stained for

immunofluorescence microscopy with antibodies against CP110 (red) to visualize centrioles and alpha-

tubulin (green) to visualize mitotic spindles. DNA was stained with DAPI (blue). Mitotic cells were then

classified according to their spindle morphology and centriolar disposition (n=3, a minimum of 30 cells

were analysed in each experiment; error bars denote SD). Schematic representations (top row) depicting

spindle morphology (black lines) and centrioles (red dots) as well as representative images (bottom rows)

are shown for each category (Scale bar 5 um, insets represent threefold magnification).
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Fig. S2: Characterization of STIL antibody ca66

(A) Scheme of human STIL depicting the fragment (orange box) that was used for antibody
production in rabbits. (B) HEK 293T cells were transfected with either FLAG-tagged STIL or an
empty vector control. After 24 h the cells were lysed and the expression pattern analyzed by
immunoblotting with the STIL antibody (ca66) and with antibodies against FLAG and alpha-tubulin
(loading control). (C) Asynchronously growing U20S cells were transfected with either control
siRNA oligos (GL2) or STIL siRNA oligos for 72 h. Cells were then fixed and stained with antibodies
against STIL (ca66, green), CP110 (red) and Cepl35 (blue) for immunofluorescence microscopy;
DAPI is shown in gray. Representative images of prophase cells are shown. Note that the centriolar
staining by the STIL antibody ca66 in control-depleted cells is completely lost in STIL-depleted cells,
demonstrating specificity of the antibody. Scale bars indicate 5 um (Merge + DAPI) and 1 pm (higher

magnifications).
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Fig. S3: STIL associates with nascent daughter centrioles at the G1/S-phase transition

U20S cells were released into Gl-phase from a nocodazole arrest and analysed for the presence of
STIL at successive time points after release. (A) U20S cell lysates 4 h, 8 h and 12 h after release were
probed with anti-STIL antibodies (ab89314), as well as antibodies against Cyclin E1 (to monitor the
beginning of S-phase) and alpha-tubulin (loading control). (B) At the same time points as in (A), cells
were fixed for immunofluorescence microscopy and stained with antibodies against STIL (ca66,
green) and CP110 (red). Representative images for each time point are shown. Note that STIL gets
recruited to preexisting centrioles 8 h after release. (C) Cells were processed as indicated in (B) and
analysed for the presence of STIL at centrosomes at each time point. Centrosomes were further
classified into unduplicated (2 centrioles per cell) and duplicated (4 centrioles per cell). (n = 3, 50 cells
were analysed for each time point, error bars denote SD). Scale bars indicate 5 um (Merge + DAPI)

and 1 pm (higher magnifications).

55



RESULTS

Fig. S4
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Fig. S4: STIL is degraded upon progression through mitosis

HeLa S3 cells were lysed at the indicated time points after release from a nocodazole arrest. Total cell
lysates were probed with anti-STIL antibodies (ab89314), as well as antibodies against Cyclin B1 (to
monitor the metaphase-to-anaphase transition) and alpha-tubulin (loading control).
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Fig. S5: Search for STIL-SAS-6 complexes by immunoprecipitation experiments

(A) C-myc SAS-6 and C-FLAG STIL were transiently overexpressed in HEK293T cells and cell lysates
were subjected to immunoprecipitation using anti-myc antibodies. Bound proteins were separated on
SDS-PAGE and analysed by Western blotting using antibodies against STIL (ab89314) and antibodies
against the myc tag to visualize SAS-6 (alpha-tubulin was used for loading control). (B) N-myc STIL and
N-FLAG SAS-6 were transiently overexpressed in HEK293T cells and cell lysates were subjected
to immunoprecipitation using anti-myc antibodies. Bound proteins were separated on SDS-PAGE and
analysed by Western blotting using antibodies against the myc tag (to visualize STIL) and antibodies
against SAS-6 (alpha-tubulin was used for loading control). Note that trace amounts of SAS-6
co-precipitate unspecifically with protein A beads, regardless of the presence or absence of STIL
(asterisk). (C) Lysates from HEK293T cells overexpressing FLAG-STIL were used to immunoprecipitate
endogenous SAS-6 and then probed by Western blotting with antibodies against STIL and SAS-6.
Parallel immunoprecipitations were carried out using anti-myc antibodies for control. Short and long expo-
sures of the anti-STIL Western blot are shown, illustrating that neither endogenous nor overexpressed STIL

can be detected in SAS-6 immunoprecipitates.
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and Cause Centriole Amplification
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1Biozentrum, University of Basel, Klingelbergstrasse 50/70,
4056 Basel, Switzerland

Summary

Background: STIL is a centriole duplication factor that local-
izes to the procentriolar cartwheel region, and mutations in
STIL are associated with autosomal recessive primary micro-
cephaly (MCPH). Excess STIL triggers centriole amplification,
raising the question of how STIL levels are regulated.
Results: Using fluorescence time-lapse imaging, we identified
atwo-step process that culminates in the elimination of STIL at
the end of mitosis. First, at nuclear envelope breakdown, Cdk1
triggers the translocation of STIL from centrosomes to the
cytoplasm. Subsequently, the cytoplasmic bulk of STIL is
degraded via the anaphase-promoting complex/cyclosome
(APC/C)-proteasome pathway. We identify a C-terminal
KEN box as critical for STIL degradation. Remarkably, this
KEN box is deleted in MCPH mutants of STIL, rendering STIL
resistant to proteasomal degradation and causing centriole
amplification.

Conclusions: Our results reveal a role for Cdk1 in STIL
dissociation from centrosomes during early mitosis, with
implications for the timing of cartwheel disassembly. Addition-
ally, we propose that centriole amplification triggered by STIL
stabilization is the underlying cause of microcephaly in human
patients with corresponding STIL mutations.

Introduction

The STIL gene (or SIL; SCL/TAL1 interrupting locus) was
initially cloned in studies of a chromosomal rearrangement
causing T cell acute lymphoblastic leukemia [1] and was sub-
sequently shown to be essential for vertebrate embryonic
development [2, 3]. Early studies emphasized a role in mitotic
regulation [4, 5], but when the STIL protein was discovered to
share localized sequence similarity with Drosophila Ana2 and
Caenorhabditis elegans SAS-5 [6], attention was focused on
a possible role of STIL in centriole duplication [7-9]. Indeed,
STIL depletion completely blocks centriole formation, whereas
STIL overexpression results in extensive centriole amplifica-
tion. Furthermore, STIL colocalizes with SAS-6 at the procen-
triolar cartwheel [8, 9], a key structure in procentriole assembly
(for review, see [10]).

Mutations in STIL cause autosomal recessive primary
microcephaly (MCPH), a neurodevelopmental disorder char-
acterized by reduced brain size. The disease is genetically
heterogeneous, with at least ten causative loci identified
(MCPH1-MCPH10), and remarkably, nearly all mutated genes
code for centrosome-related proteins [11, 12]. Defects in
spindle positioning [13, 14], cell-cycle progression [15], or
DNA repair [16, 17] have been considered as root causes for
MCPH. To date, four different STIL mutations have been

*Correspondence: erich.nigg@unibas.ch

identified in microcephaly patients [18, 19], but how these
interfere with human brain development is unknown.

In normal cells, levels of STIL need to be precisely controlled
in order to prevent abnormal centriole numbers, raising the
question of how STIL protein levels are regulated. Previous
studies have revealed a proteasome-dependent decline of
STIL at mitotic exit [8, 9, 20]. Here we have dissected the mech-
anisms underlying cell-cycle regulation of STIL at subcellular
level, focusing on distinct centrosomal and cytoplasmic
protein pools.

Results

Differential Regulation of Cytoplasmic and Centrosomal
STIL Pools

To precisely monitor cell-cycle regulation of STIL at the single-
cell level, we established a real-time assay based on time-
lapse fluorescence microscopy. EGFP-tagged STIL was
expressed in a U20S Flp-In T-REXx cell line, under control of
a tetracycline-inducible promoter. After tetracycline addition
for12to 24 hr, EGFP-STIL was expressed at near physiological
levels (see Figure S1A available online). Immunofluorescence
microscopy showed that EGFP-STIL was localized to centri-
oles (Figure S1B), and costaining for SAS-6 confirmed exten-
sive colocalization, in line with previous results [8, 9, 21, 22].
In addition, EGFP-STIL was detectable throughout the cyto-
plasm. Surprisingly, even prolonged induction of EGFP-STIL
expression failed to cause centriole amplification (Figure S1C),
although transient overexpression of EGFP-STIL (estimated to
produce an approximately 15-fold excess) caused supernu-
merary centrioles in more than 50% of transfected cells,
including 20% with flower-like arrangements (Figures S1D-
S1F). These results indicate that EGFP-STIL is functional in
the tetracycline-inducible U20S cell line but that its expression
occurs at sufficiently low levels to escape centriole amplifica-
tion. This implies that mild overexpression of STIL (an approx-
imate doubling of levels) is tolerated, at least in these cells
(Figures S1A and S1C).

Use of a spinning-disk confocal microscope allowed us to
monitor both centrosomal and cytoplasmic EGFP-STIL levels
for an entire cell cycle (Figure 1; Movie S1). These measure-
ments revealed that the cytoplasmic EGFP-STIL signal
increased steadily toward mitosis and remained stable
throughout prophase, prometaphase, and metaphase but
dropped sharply after anaphase onset (Figures 1A and 1C).
In the next cell cycle, cytoplasmic EGFP-STIL levels
remained low in early G1 before they began to rise again
3-4 hr later. A strikingly different pattern was seen when
analyzing EGFP-STIL intensity at the centrosome (Figures
1B and 1C). Although the centrosomal EGFP signal also
increased toward mitosis, it rapidly disappeared from early
mitotic centrosomes immediately after nuclear envelope
breakdown (NEBD). No centriolar signal was detected in
late mitosis and early G1, and relocalization of EGFP-STIL
to centrioles was observed only when the cytoplasmic levels
began to rise in late G1 and early S phase. Thus, whereas
cytoplasmic STIL remains high until anaphase onset, cen-
triolar STIL begins to disappear as early as NEBD, indicating
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TERPHASE
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Figure 1. Cytoplasmic and Centrosomal STIL
Pools Are Differentially Regulated

(A and B) Real-time visualization of EGFP-STIL in
a U20S Flp-In T-REx cell monitored for 20 hr
(Movie S1).

(A) Stills from Movie S1 showing EGFP fluores-
cence (upper panels) and differential interference
contrast (DIC; lower panels). Centrosomal EGFP-
STIL signal is marked by white boxes. Time
stamps show hours and minutes. Scale bar,
20 pm.

(B) Magnification of the centrosomal EGFP-STIL
signal, with adjusted intensity scale. Scale bar,
1 pm.

(C) Line graphs showing the EGFP-STIL signal in-
tensity over time measured in the cytoplasmic
(green) or centrosomal (red) regions.

NEBD might influence centrosomal
association of SAS-6 and thereby
affect cartwheel stability. Immunofluo-
rescence microscopy was used to care-
fully compare centrosomal levels of
endogenous SAS-6 and STIL in fixed

c & U20S cells (Figure 3). Centrosomal
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that centrosomal and cytoplasmic STIL pools are differen-
tially regulated.

Cdk1 Triggers Removal of Centrosomal STIL
To explore the mechanism underlying loss of STIL from early
mitotic centrosomes, we filmed cells from NEBD into meta-
phase (Figure 2; Movies S2 and S3). Consistent with the above
results, centrosomal STIL signals began to decrease at NEBD,
reaching undetectable levels 15-30 min later, while cyto-
plasmic STIL intensity remained steady (Figures 2A and 2D).
This loss of centrosomal STIL was not dependent on protea-
some activity, as it was not impaired by addition of the protea-
some inhibitor MG132 (Figures 2B and 2D; Figure S2). It follows
that loss of centrosomal STIL reflects relocalization to the
cytoplasm, most likely in response to posttranslational modifi-
cation. As STIL dissociates from centrosomes at the time
when Cdk1 is first activated, we explored a role for this key
regulatory kinase in controlling STIL localization. Indeed,
when two distinct Cdk1 inhibitors, RO-3306 or roscovitine,
were added to cells shortly after entry into mitosis, the centro-
somal STIL signal was completely stabilized (Figures 2C and
2E; Figure S3), indicating that activation of Cdk1 at the onset
of mitosis triggers dissociation of STIL from centrosomes.
STIL and SAS-6 colocalize at newly forming procentrioles
and depend partly on each other for localization [7-9], sug-
gesting that both proteins interact at the cartwheel. Thus, we
asked whether dissociation of STIL from centrosomes at

those on which traces of STIL could be

detected. In early G1 phase, STIL and

SAS-6 were undetectable on virtually

all centrosomes, as expected [7-9, 24].
Collectively, these data indicate that STIL stabilizes SAS-6
association with centrosomes or vice versa.

The above results raised the possibility that cartwheel
disassembly begins already during early mitosis. Thus, we
analyzed centriolar STIL and SAS-6 levels in nocodazole-
arrested prometaphase cells. Compared to prophase cells,
which showed high levels of STIL and SAS-6 at centrosomes,
the arrested cells showed reduced levels (Figures S4A and
S$4B), including 24% of centrosomes on which neither STIL
nor SAS-6 could be detected. This suggests that complete
loss of the cartwheel can occur as early as prior to spindle
checkpoint silencing. Western blotting of cells arrested in
nocodazole readily revealed a Cdk1-dependent upshift in
STIL, but not SAS-6, pointing to STIL as a likely downstream
target (Figure S4C).

The C-Terminal KEN Box Mediates Degradation of STIL by
APC/C

To determine whether proteasome activity was required for
loss of cytoplasmic STIL in later mitosis, we performed live-
cell imaging on cells transiting from anaphase onset into G1
phase in the presence or absence of MG132 (Figures 4A and
4B; Movie S4). Proteasome inhibition clearly abolished the
decrease in cytoplasmic STIL levels, in line with previous
results [8, 9]. To provide direct evidence for degradation
of STIL by the anaphase-promoting complex/cyclosome
(APC/C), we took advantage of the observation that APC/C
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Figure 2. Cdk1 Triggers STIL Removal from Early Mitotic Centrosomes

(A-C) U20S Flp-In T-REx:EGFP-STIL WT cells were filmed for 1 hr from NEBD to metaphase (Movies S2 and S3).

(A) Stills showng EGFP fluorescence (upper panels) and DIC (middle panels). Centrosomal EGFP-STIL signal is surrounded by white boxes, shown magni-
fied in lower panels. Scale bars, 20 um (upper panels) and 1 um (lower panels).

(B) As in (A), except that 200 M MG132 was added after first image acquisition. (Note that under similar conditions, the APC/C®%?° substrate Nek2 was
stabilized [23].)

(C) As above, except that 10 uM RO-3306 was added after first image acquisition.

(D) Line graphs showing mean EGFP signal intensity for the experiments described in (A) and (B). Measurements were made in untreated cells, both in the
cytoplasm (green circles; n = 5 cells, five experiments) and the centrosomal region (dashed red line; n = 10 centrosomes, five experiments) or in the
centrosomal region of MG132-treated cells (yellow triangles; n = 10 centrosomes, five experiments). Dotted line marks time point of MG132 addition. Inter-
estingly, STIL disappeared with slightly faster kinetics in MG132-treated cells, possibly reflecting enhanced Cdk1 activity in response to stabilization of
cyclin A (see text). In (D) and (E), error bars represent +SD.

(E) Line graphs showing the mean EGFP signal intensity for the experiment described in (C); measurements were made in the centrosomal regions (orange
squares; n = 10 centrosomes, five experiments). For comparison, the dashed red line shows data from untreated cells as in (D). Dotted line marks time point
of RO-3306 addition.
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Figure 3. Dissociation of SAS-6 and STIL from Mitotic Centrosomes
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(A) Graph showing relative fluorescence intensities of centrosomal STIL and SAS-6 staining in U20S cells at the indicated stages (distinguished by DAPI).
For each stage, 40 centrosomes were imaged and grouped into subcategories depending on STIL and SAS-6 signals, as indicated at the bottom of the
graph. Staining intensities were quantified and background subtracted using ImageJ. Bars depict relative mean fluorescence intensities for centrosomal
STIL (gray) and SAS-6 (black), after setting prophase intensities to 100%. The percentage of centrosomes within each subcategory is shown above the

graph. Error bars represent =SD of individual intensity measurements.

(B) Representative images for each mitotic stage and each subcategory shown in (A), with percentages of centrosomes in each subcategory indicated on the
right. White arrowheads point to centrosomal regions (in case of low signal intensity).

can be activated by exogenous expression of its coactivator
Cdh1 [25]. We coexpressed FLAG-STIL with increasing
amounts of myc-Cdh1 in human embryonic kidney (HEK)
293T cells and subsequently analyzed FLAG-STIL levels by
western blotting. Myc-Cdh1 indeed triggered a drastic
decrease in FLAG-STIL levels (Figure 4C), confirming that
STIL is an APC/C target [9]. A strong effect of Cdh1 was also
observed on FLAG-SAS-6, a known substrate of the APC/C
[24] (Figure 4D), but not on EGFP (Figure 4E), confirming the
specificity of this assay. Next, we used coexpression of
Cdh1 with STIL truncations to map the part of STIL that medi-
ates destruction by APC/C. Both the N-terminal and central
parts of STIL resisted Cdh1 overexpression, whereas the
C-terminal part was degraded (Figure 4F). This indicated that
the C terminus of STIL harbors a signal for APC/C-mediated
degradation, which was corroborated by analysis of STIL
mutants lacking either the C or N terminus (Figure 4G).
APC/C-mediated degradation of substrate proteins de-
pends on motifs, known as D boxes or KEN boxes, that allow
recognition by the APC/C coactivators Cdc20 and Cdh1 [26].
A motif search identified five putative D boxes (RXXL) and
one putative KEN box (KEN) within STIL (Figure 4H). Alanine
substitutions of all potential degradation motifs and coexpres-
sion of the mutants with Cdh1 revealed that only mutation of
the KEN box conferred significant stabilization (Figures 4l
and 4J). The KEN box lies within the C terminus of STIL, in
line with our mapping results (Figures 4F and 4G), indicating
that it is the critical motif mediating APC/C-dependent degra-
dation of human STIL during mitotic exit. Alignment of STIL
sequences from different species revealed strong conserva-
tion of the KEN box among vertebrates, except for chicken,

suggesting utilization of another APC/C degradation motif in
this species (Figure S5).

The KEN Box Is Lost in STIL Truncations of Microcephaly
Patients

Mutations in the STIL gene have been linked to autosomal
recessive primary microcephaly [19]. However, the molecular
and cellular defects caused by these mutations are not under-
stood. Given that two truncating mutations seen in patients
(p.GIn1239X and p.Val1219X) cause loss of only 49 and 69
amino acids, respectively, from the C terminus of STIL [19],
we were intrigued to find that these truncations remove the
KEN box that we have identified here as critical for regulation
of STIL stability (Figure 5A). This raised the possibility that
development of primary microcephaly results from deregula-
tion of STIL protein levels. To explore this provocative link,
we first examined the response of the p.GIn1239X and
p.Val1219X mutants to coexpression with Cdh1. As expected,
both truncations showed substantial resistance to APC/C-
mediated degradation (Figure 5B). Next, we analyzed the
impact of these MCPH mutations on STIL localization and
centriole duplication. Much like wild-type STIL, both mutants
localized in a ring-like pattern around the central mother
centriole, surrounded by an outer ring of the distal protein
CP110 associated with multiple daughter centrioles (Fig-
ure 5C). In fact, transient overexpression of both MCPH
mutants in U20S cells promoted centriole amplification to an
extent similar to overexpression of wild-type STIL (Figure 5D).
Together, these results indicate that STIL truncations seen in
microcephaly patients do not interfere with either correct
localization or functionality of the STIL protein, in line with
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Figure 4. APC/C-Mediated Degradation of STIL Requires the C-Terminal KEN Box

(A) U20S Flp-In T-REx:EGFP-STIL WT cells were filmed for 1 hr, from anaphase into G1, in the absence or presence of 100 yM MG132 (Movie S4). Stills show

EGFP fluorescence (upper panels) and DIC (lower panels).

(B) Line graphs representing mean cytoplasmic STIL WT signal intensity over time, as measured in three independent movies in the absence (dark green

squares) or presence (light green triangles) of MG132. Error bars represent £SD.

(C) FLAG-STIL WT and increasing amounts of myc-Cdh1 (0, 2, 4, and 6 ug) were coexpressed for 36 hr in HEK 293T cells before lysates were analyzed by
western blotting using indicated antibodies. Empty myc vector was used to equal total amounts of DNA for each transfection, and «-tubulin was analyzed as

loading control.

(D-G) Experiment as described in (C), except that myc-Cdh1 was coexpressed with FLAG-SAS-6 (D); EGFP (E); FLAG-STIL N terminus (aa 1-440),
FLAG-STIL central part (aa 441-880), or FLAG-STIL C terminus (aa 881-1,287) (F); or FLAG-STIL AC terminus (aa 1-880) or FLAG-STIL AN terminus

(legend continued on next page)
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previous results [7]. Further examination of various deletion
mutants revealed that removal of up to 132 amino acids from
the STIL C terminus did not detectably interfere with protein
localization or potency to trigger centriole amplification (Fig-
ures 5E-5G). In contrast, partial or complete removal of the
STAN motif, an evolutionarily conserved region [6], strongly
interfered with correct localization and centriole amplification.

STIL p.Val1219X Causes Centriole Amplification

Having established that STIL mutations seen in microcephaly
patients affect cell-cycle regulation of STIL expression, we
carried out experiments aimed at uncovering the cellular
consequences of STIL deregulation in microcephaly. As no
patient material was available, we constructed a U20S Flp-In
T-REXx cell line stably expressing EGFP-STIL p.Val1219X and
compared its properties to the line expressing STIL WT (Fig-
ures 6A and 6B; Movie S5). STIL p.Val1219X (originally desig-
nated as p.Leu1218X) represents a mutation described in
two unrelated Indian families [19]. We filmed cells for 5 hr,
covering passage from metaphase into the next cell cycle (Fig-
ures 6A and 6B). Within minutes, STIL WT levels fell to around
30%-40% of preanaphase values and then remained low for
about 3 hr, before rising again as cells entered late G1/early
S phase (see also Figures 1A and 1C). In stark contrast, cyto-
plasmic levels of the truncated EGFP-STIL p.Val1219X
remained stable throughout the experiment (Figures 6A and
6B). This demonstrates that EGFP-STIL p.Val1219X resists
APC/C-mediated degradation, in line with deletion of the
KEN box. On the other hand, filming of cells transiting from
NEBD to metaphase showed that STIL p.Val1219X dissociates
from early mitotic centrosomes (Figure S6; Movie S6), much
like wild-type STIL (Figures 2A and 2D). We conclude that
removal of 69 amino acids from the STIL C terminus in the
microcephaly mutant p.Val1219X does not impair Cdk1-regu-
lated dissociation of STIL from early mitotic centrosomes but
completely abolishes its degradation in late mitosis. To
corroborate the latter conclusion, we compared levels of
wild-type and truncated STIL in U20S Flp-In T-REXx cell lines
by western blotting. After induction of protein expression by
tetracycline for 24, 48, or 72 hr, levels of truncated STIL were
significantly higher than those of wild-type STIL at all time
points (Figure 6C). As both EGFP-STIL WT and EGFP-STIL
p.Val1219X are inserted into the same genomic locus, posi-
tional effects on protein expression can be largely excluded.
Instead, our data indicate that deletion of the KEN box from
the p.Val1219X microcephaly version of STIL causes a strong
accumulation of this mutant protein.

Finally, and most importantly, the above results raised the
question of whether the stabilization of microcephaly mutant
STIL might trigger centriole amplification. Having established
that expression of wild-type EGFP-STIL in our U20S Fip-In
T-REx model does not cause centriole amplification, because
APC/C-mediated degradation limits its accumulation (Fig-
ure 1C; Figure S1C), we were in a position to ask whether
truncation of the KEN box might cause an accumulation
of EGFP-STIL p.VAL1219X sufficient to trigger centriole

amplification. Thus, both wild-type and mutant STIL proteins
were expressed for 24, 48, or 72 hr before cells were stained
with anti-CP110 antibodies and centriole numbers counted
(Figures 6D and 6E). Expression of EGFP-STIL WT did not pro-
duce any centriole amplification above background levels, in
line with data shown above (Figure S1C). In stark contrast,
expression of STIL p.Val1219X caused a marked increase in
centriole numbers (Figure 6D). These results indicate that
removal of the KEN box from the p.Val1219X microcephaly
mutant version of STIL confers sufficient stabilization to trigger
centriole amplification. This invites the attractive hypothesis
that microcephaly in human patients carrying the p.Val1219X
mutation is caused by the abrogation of STIL cell-cycle
regulation.

Discussion

Here we have used time-lapse imaging to analyze the regulation
of STIL levels and localization at the single-cell level, with a
special focus on traverse of mitosis. Our results lead to two
important conclusions. First, we have identified a role for
Cdk1 in STIL dissociation from centrosomes during early
mitosis, a finding that bears on the cell-cycle regulation of
cartwheel disassembly. Second, we have uncovered a provoc-
ative mechanistic link to primary microcephaly. We show that a
KEN box destruction motif is critical for STIL proteolysis and
control of centriole numbers. This motif is deleted in STIL micro-
cephaly truncations, which highlights the importance of orderly
STIL cell-cycle regulation and suggests that deregulation of
STIL turnover and ensuing centriole amplification constitute
the underlying cause of MCPH in the corresponding patients.

A Role for CDK1 in Triggering Cartwheel Disassembly

The cartwheel is a key structural element conferring 9-fold
symmetry to nascent centrioles [10]. It is thought to be assem-
bled and disassembled in every cell cycle, but neither the
exact timing nor the mechanism underlying cartwheel disas-
sembly is well understood. Here we show that the activation
of Cdk1 triggers progressive dissociation of STIL from early
mitotic centrosomes. Thus, STIL is likely to be a direct sub-
strate of Cdk1 [4], although indirect mechanisms are not
excluded. We also find that the major cartwheel component
SAS-6 is progressively lost from centrosomes upon NEBD,
albeit with slower kinetics than STIL. Collectively, our data
indicate that Cdk1 activation at NEBD initiates cartwheel
disassembly, possibly by phosphorylation of STIL, and that
release of both STIL and SAS-6 from mitotic centrosomes pre-
cedes their APC/C-dependent degradation at mitotic exit. This
proposed two-step mechanism contributes to coordinate
cartwheel disassembly with cell-cycle progression.

STIL Is Degraded after Anaphase Onset by the APC/C

Here, we show that STIL is a target of the APC/C, extending our
previous observations [9]. By mutational inactivation of all
putative D boxes and KEN boxes, we identify the KEN box
as the critical degradation motif, indicating that APC/C® is

(aa 441-1,287) (G). Sch
coexpression; constructs shown in green were degraded.

ic repr

1s of STIL truncations used in (F) and (G) are shown below. Constructs depicted in red resisted myc-Cdh1

(H) Schematic representation of five putative D boxes (yellow) and one putative KEN box (red).

() FLAG-STIL constructs carrying alanine-substituted D boxes or KEN boxes were coexpressed in HEK 293T cells with empty myc vector or myc-Cdh1
(2 ng). After 36 hr, lysates were analyzed by western blotting using the indicated antibodies. #-tubulin was analyzed as loading control.

(J) Graph depicting band intensities from western blots, as shown in (l). n = 3 independent experiments; error bars represent £SD; n.s., not significant;

*p < 0.05.

64



RESULTS

STIL MCPH Mutations Cause Centriole Amplification
357

STILWT
STIL p.GIn1239X
STIL p.Val1219X

STAN _ KEN

Val1219

GiIn1239

QLTEKPAFLVKNLKPS PAVNLRTGKAEFTQHPEKENEGDITIFPESLQPSETLKQMNSMNSVGTFLDVKRLRQLPKLF
QLTEKPAFLVKNLKPSPAVNLRTGKAEFT |

| 49 aa
QLTEKPAFL} | 69 aa
STIL WT STIL p.GIn1239X  STILp.Val1i219X ~ p
+ = + = 1 §
= P 13 . T w4 £ a4 o0 iol
(o fonger exposure) + o + 1 i 2 2 Centriole numbers
S E E 5 P
o ' - - §0 puy g 150 75 407 W >4 (flower-like)
om - kDa O
IB myc . — — - —— - L e —
o »»#x (p< 0.0001)
S N &2
& R
EGFP EGFP-STILWT E EGFP-STIL WT EGFP-STIL 1-1220

Overview

merge+DAP|lOverview

4 uM 1uM

EGFP-STIL 1-1238 EGFP-STIL 1-1218

Overview merge+DAPI Overview merge+DAPI

| B | Y
»

L] £

EGFP-STIL 1-1060

EGFP-STIL 1-1155

Centriole numbers - STAN KEN
Ml >4
N >4 (flower-like) R -
%40- 1-1155 =
(8]
ke
2 204 * (p<0.05)
==+ (p<0.001)
«»+ (p< 0.0001)
0=
RE& &L PSS
Q/é( A \Q/(L \'\6 \\Q \QQ)

N O MW

Figure 5. STIL Microcephaly Truncations Are Functional but Lack the KEN Box

(A) Schematic representations of STIL WT and STIL microcephaly truncations. The STAN motif (blue) and KEN box (red) are indicated.
(B) Theindicated FLAG-STIL constructs and increasing amounts of myc-Cdh1 (0, 2, 4, and 6 ug) were coexpressed for 36 hrin HEK 293T cells before lysates were
analyzed by western blotting using indicated antibodies. Empty myc vector was used to equal total amounts of DNA; z-tubulin was analyzed as loading control.

(legend continued on next page)
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the key driver behind STIL destruction. As single depletion of
Cdh1 failed to stabilize STIL [9], it seems likely that Cdc20
can compensate for the absence of Cdh1, as observed previ-
ously for other KEN box-containing Cdh1 substrates [27].
Furthermore, it remains possible that Cdc20 contributes to
STIL degradation early after anaphase onset [9].

STIL Truncations in MCPH Patients Cause Centriole
Amplification

Many mutations in genes associated with MCPH are thought
to functionally inactivate the corresponding proteins [12].
However, this is not the case for the MCPH-related STIL muta-
tions examined in this study. When transiently overexpressed
in U20S cells, two different MCPH STIL truncations
(p.Val1219X and p.GIn1239X) promoted centriole amplification
to the same extent as wild-type STIL, attesting to their func-
tionality in centriole biogenesis (see also [7]). Similar results
were obtained (data not shown) with a recently identified
MCPH missense mutation termed p.L798W [18]. Thus, we
conclude that centriole formation is not fundamentally
impaired in the corresponding microcephaly patients. One
described MCPH mutation (IVS16DS, G-A, +1) has been pro-
posed to truncate STIL upstream of the STAN motif [19], but
alternative interpretations have not been excluded. As disrup-
tion of the STAN motif clearly interferes with STIL function (this
study, [7]), it would be important to examine the functionality of
STIL in the corresponding patients. Considering that genetic
knockouts of STIL cause embryonic lethality in both mouse
and zebrafish [2, 3], it seems unlikely that complete loss of
STIL function would be compatible with life in humans. Instead
of causing loss of function, our study reveals that at least two
STIL MCPH mutations result in a gain of function. Specifically,
these truncations delete a critical KEN box from the C-terminal
region of STIL, which leads to STIL stabilization and triggers
centriole amplification.

Centriole Amplification, a Root Cause of Microcephaly?
Centriole amplification has attracted great interest from the
perspective of genome instability and cancer [28-31] but has
not generally been considered a likely mechanism for causing
MCPH. Yet, supernumerary centrosomes have been noted in
patients or mouse models with mutations in microcephalin
(MCPH1), Cep135 (MCPHS8), or Cdk5rap2 (MCHP3) [15, 32,
33]. Moreover, a recent study on a mouse model of centriole
amplification directly demonstrates that supernumerary cen-
trosomes are able to impair brain development. In this study
[34], centriole amplification was induced in the developing
mouse brain by overexpression of Plk4 and was found to result
in significantly smaller brains. Interestingly, spindle orientation
was not significantly disturbed in Plk4-overexpressing neuro-
progenitors. Instead, a high proportion of neuroprogenitors
exhibited aneuploidy and underwent apoptosis, providing an
attractive alternative explanation for depletion of the neuro-
progenitor pool.

Our present data establish a direct link between centriole
amplification and STIL mutations in MCPH patients. It will

be interesting in future studies to explore whether MCPH mu-
tations in other centriole duplication factors, notably CPAP,
Cep135, and Cep152, also affect centriole numbers. Of
particular interest in this context is the finding that CPAP
interacts with STIL [7, 8]. Moreover, recent studies on the
structure of CPAP-STIL complexes suggest that CPAP muta-
tions interfere with STIL binding and centriole biogenesis
[35, 36].

Experimental Procedures

Generation of U20S Flp-In T-REx Cell Lines

U20S Flp-In T-REx cells were generated according to manufacturer pro-
tocols (Invitrogen). To select for transgene integration, we used complete
Dulbecco’s modified Eagle’'s medium with 10% tetracycline-free fetal
bovine serum (PAA), 5% PenStrep (Invitrogen), 100 pg/ml hygromycin
(Invitrogen), and 15 pg/ml blasticidine (Invitrogen).

Cell Culture and Transfections
U20S and HEK 293T cells were grown under standard conditions. Transient
transfections were performed with TransIT-LT1 (MirusBio).

Cell Extracts and Western Blots

Cells were lysed in Tris lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM NacCl,
0.5% IGEPAL CA-630) with p and phosph inhibitors. Polyclonal
anti-STIL (Abcam), polyclonal anti-GFP (Abcam), monoclonal anti-myc
(Millipore), monoclonal anti-Flag (Sigma), monoclonal anti-hSAS-6 [37],
and mouse anti-z-tubulin (Sigma) were used for western blotting.

Statistical Analysis
All p values were derived from unpaired two-tailed t tests.

Supplemental Information

Supplemental Information includes six figures, Supplemental Experimental
Procedures, and six movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.12.016.
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(C) Western blot analysis of EGFP-STIL WT and EGFP-STIL p.Val1219X after 24, 48, or 72 hr of expression in U20S Flp-In T-REx cells. Blots were probed with
antibodies against EGFP and «-tubulin (loading control).
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Fig. S1: U20S Flp-In T-REx cells expressing EGFP-STIL WT at near-endogenous levels. Related to
Figure 1.

A Western blot analysis was used to compare the expression of EGFP-STIL and endogenous STIL in a U20S
Flp-In T-REx:EGFP-STIL WT cell line. Transgene expression was induced for 12 or 24 hours and blots were
probed with antibodies against EGFP, STIL or alpha-tubulin (loading control). B Analysis of EGFP-STIL
localization to centrosomes in fixed U20S Flp-In T-REx:EGFP-STIL WT cells by immunofluorescence
microscopy. Antibodies targeting CP110 (red) and SAS-6 (blue) were used for immunostaining of fixed cells.
EGFP is shown in green. Representative images are shown for the different cell cycle stages (determined by the
number of centrioles). Note that CP110 localizes at the distal tips of all centrioles, whereas SAS-6 and STIL co-
localize only in the proximal regions of newly forming daughter centrioles. C Graphs representing centriole
numbers in U20S Flp-In T-REx cells expressing EGFP-STIL WT for 12, 24 or 48 hours. Centriole numbers
were determined by fluorescence microscopy after CP110 staining. Percentages of cells having multiple
centrioles (>4; black bars) and the fraction thereof bearing multiple centrioles arranged around one parental
centriole (flower-like arrangements; black white striped bars) are shown. A total of 300 cells were analyzed in 3
different experiments. N.s. denotes P value > 0.05 D Graph representing centriole numbers after transient
overexpression of EGFP or EGFP-STIL WT in U20S cells for 48 hours. Cells were fixed and immunostained
with anti-CP110 antibodies before counting centrioles by fluorescence microscopy. Percentage of cells having
multiple centrioles (>4; black bars) and the fraction thereof bearing multiple centrioles arranged around one
parental centriole (flower-like; black white striped bars) are shown. A total of 300 cells were analyzed in 3
independent experiments. E Representative images of U20S cells transiently expressing EGFP or EGFP-STIL
WT, fixed and stained with anti-CP110 antibodies (red) for immunofluorescence microscopy. EGFP is shown in
green. Both scale bars indicate 1 pm. F Western blot analysis of transient EGFP-STIL and endogenous STIL
expression in U20S cells, after transfection for 48 hours. Antibodies targeting STIL or alpha-tubulin were used
for probing. Alpha-tubulin was used as loading control. In C-D, error bars denote +/-SD.
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Fig. S2: STIL dissociation from mitotic centrosomes in the presence of proteasome inhibition. Related to
Figure 2B.

A After treating U20S cells with the proteasome inhibitor MG132 (20 gM) for 3 hours, cells were fixed and
stained with antibodies against STIL (green) and CP110 (red). DAPI is depicted in blue. Representative images
of late G2 and metaphase cells are shown. B Graph representing relative mean fluorescence intensities of STIL
stainings at late G2 (grey bar) and metaphase (black bar) centrosomes, as measured in MG132-treated U20S
cells from A. A total of 180 centrosomes (90 late G2 and 90 metaphase) were analyzed. Error bars denote +/-SD
(3 independent experiments).
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Figure S3
A

O a

Cdk1 Inhibition

w
z

Roscovitine addition

Relative intensity (%)

NEBD 10 20 30 40 50 60
Time (min)

Fig. S3: Roscovitine treatment does stabilize STIL at mitotic centrosomes. Related to Figure 2C.

Real time visualization of EGFP-STIL distribution in U20S Flp-In T-REx:EGFP-STIL WT cells filmed for 1
hour from NEBD to metaphase (see movie S3B) in the presence of 1004M roscovitine. A Stills show EGFP
fluorescence (EGFP; upper panels) and differential interference contrast microscopy (DIC; middle panels).
Centrosomal EGFP-STIL signal is surrounded by white boxes and shown with 10x magnification in lower
panels. Scale bars indicate 20 um (upper panels) or 1 um (lower panels). B Line graph showing mean EGFP
intensity over time measured in the centrosomal regions (n=6 centrosomes, 3 independent experiments).
Timepoint of roscovitine addition is indicated by a vertical dotted line. Error bars denote +/-SD.
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Figure S4
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Fig. S4: Dissociation of SAS-6 and STIL from centrosomes in nocodazole-arrested prometaphase cells.
Related to Figure 3.

A Graph representing relative mean fluorescence intensities of STIL (grey bars) and SAS-6 (black bars)
stainings at centrosomes in prophase and nocodazole-arrested prometaphase U20S cells. After nocodazole
treatment (50 ng ml” nocodazole; 12 hours), cells were fixed and stained with indicated antibodies. A total of
300 prophase and 300 prometaphase centrosomes were imaged and grouped into subcategories depending on
whether they were positive (+) or negative (-) for STIL and SAS-6 (bottom of the graph). For each subcategory,
60 centrosomes were used to measure the respective STIL and SAS-6 intensities. Intensity values of prophase
cells were set to 100%. Error bars denote +/-SD (3 independent experiments). B chrcscntatwc images are
shown for each subcategory defined in A. C Nocodazole-arrested U20S cells (50 ng ml”' nocodazole; 12 hours)
were treated for 1 h with RO-3306 (10 M) in the presence of MG132 (10 uM; to prevent STIL degradation) and
samples were subjected to Western blot analysis, using indicated antibodies. Antibodies against alpha-tubulin
were used as a loading control. Note upshift of STIL in prometaphase-arrested cells (Oh). As shown previously
[S1], this upshift is sensitive to phosphatase treatment and thus almost certainly reflects phosphorylation.
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Figure S5
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Fig. S5: The KEN box is conserved in most vertebrates. Related to Figure 4.

Sequence alignment of vertebrate STIL sequences. A red frame marks the KEN box. Blue background color
depicts low sequence conservation; red background color depicts high sequence conservation. The consensus
sequence (>90% conservation) is shown at the bottom. Note that the KEN box is absent in chicken STIL. CLC
Main Workbench (CLC bio) was used to generate the alignment. Although putative degradation motifs can also
be found in C. elegans SAS-5 and Drosophila Ana2, the position of these motifs is not conserved relative to the
vertebrate KEN box.
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Figure S6
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Fig. S6: STIL p.Val1219X disappears from mitotic centrosomes. Related to Figure 6.

A Real time visualization of EGFP-STIL p.Vall219X distribution in U20S Flp-In T-REx:EGFP-STIL
p-Vall1219X cells filmed for 1 hour during transit from nuclear envelope breakdown (NEBD) into metaphase
(see movie S6). EGFP fluorescence (EGFP; upper panels) and differential interference contrast microscopy
(DIC; middle panels) are shown. Centrosomal EGFP-STIL signal is surrounded by white rectangles and shown
with 10x magnification in lower panels. Scale bars indicate 20 um (upper panels) or 1 um (lower panels). B Line
graph showing the mean EGFP intensity over time measured in the cytoplasmic (green circles, n=5 cells from 5
independent experiments) or in the centrosomal region (red squares, n = 10 centrosomes from 5 independent
experiments). Error bars denote +/-SD.
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Supplemental Experimental Procedures

SPINNING DISK TIME-LAPSE IMAGING

Movies were acquired via a 3i Marianas spinning disk confocal microscopy setup (Intelligent Imaging
Innovations) mounted on an inverted microscope (Axio Observer, Zeiss), equipped with a 60x 1.4 NA Plan Apo
objective and an EMCCD camera (Photometrics Evolve 512). U20S Flp-In T-REx cells were seeded onto 35
mm p-Dishes (Ibidi) containing DMEM®"" (Evrogen) and transgene expression was induced with 1 pg/mL
tetracycline 24 hours before imaging. EGFP signal intensities were measured in the centrosomal and cytoplasmic
regions of filmed cells using Imagel, background signal intensities were subtracted for all measurements. A table
with acquisition and measurement details is shown below:

Movies :;1?\19:; Ir;:::':)a ' rgt,a?:fl; su:::;ze Projection D e
Cytoplasmic Intensity  Centrosomal Intensity

st [ 2 | s | s | o7 | ST | etacke and averaged | intensiy proecions.
s2 | 2 [ 2 | os | Ny | iNensiyproectons | intsnaty projctons
s3 | 2 | s | e | TR : Heamseaiinid
g | i |8 |8 | w || NS
S5 8 2 2 OF | GNey | easam et :
s6 | 2 | = | o | SOCty | intenshyprojactons | intonsiy projecions

IMMUNOFLUORESCENCE MICROSCOPY

Anti-STIL[S2]and anti-SAS-6[S3]antibodies were described previously. A monoclonal mouse antibody of the
IgG1 subtype was raised against CP110 (aal-149). Anti-CP110 and anti-SAS-6 antibodies were directly coupled
to AlexaRed-555 and AlexaFar-Red647 using labeling kits (Invitrogen). AlexaGreen-488 labeled secondary anti-
rabbit antibodies were from Invitrogen. U20S cells were fixed in methanol for 5 minutes at -20°C, U20S Flp-In
T-REX cells were fixed in 3% paraformaldehyde for 15 minutes followed by permeabilisation with 0.5% Triton
X-100 for 2 minutes. Stainings were analyzed using a DeltaVision microscope on a Nikon TE200 base (Applied
Precision), equipped with a 60x 1.4 NA plan Apo objective and 1.6x auxiliary magnification. Serial optical z-
sections were collected, deconvoluted and maximum intensity projected using Softworx (Applied Precision).
STIL and SAS-6 centrosomal signal intensities were measured on deconvoluted and maximum intensity
projected images in Imagel, background signal intensities were subtracted for all measurements. Identical image
acquisition and image processing conditions were applied whenever measurements were compared.

76



RESULTS

CLONING PROCEDURES

The pENTR/D-TOPO Cloning Kit (Invitrogen) was used to ligate blunt-ended PCR products into the pENTR/D-
TOPO vector (Invitrogen), thereby generating entry vectors for use with the Gateway cloning system
(Invitrogen). The QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) was used for site-
specific mutagenesis, with pENTR/D-TOPO_STIL_1-1287 as template. Expression vectors were generated by
recombination of entry vectors and destination vectors with Gateway LR Clonase Enzyme mix (Invitrogen).
SAS-6 cDNA was cloned into pcDNAS/FRT/TO (Invitrogen), which was modified to encode a FLAG tag. Cdhl
c¢DNA was amplified by PCR from a HeLa cDNA library and cloned into pcDNA3.1/3xmyc-A (Invitrogen).

Entry vectors, generated via TOPO cloning

Entry Vector Primer A Primer B

PENTR/D-TOPO_STIL 1-1287 ¢DNA STIL (ImaGenes; IRCMp5012H1125D) CACCGAGCCTATATATCCTTTTG TTAAAATAATTTTGGTAACTGTCTG
PENTR/D-TOPO_STIL N-ter_1-440 ¢DNA STIL (ImaGenes; IRCMp5012H1125D) CACCGAGCCTATATATCCTTTTG TTAAGGGTTTGATTCTATGA
PENTR/D-TOPO_Stil central 441-880  ¢DNA STIL (ImaGenes; IRCMp5012H1125D) CACCCTGCCTACTCCATTGGAA TTATTCTTTTCTCACAACTA
PENTR/D-TOPO_STIL C-ter_881-1287 ¢DNA STIL (ImaGenes; IRCMp5012H1125D) CACCCCTGATGTACCTGTGTTC TTAAAATAATTTTGGTAACTGTCTG

pENTR/D-TOPO_STIL del C_1-880 ¢DNA STIL (ImaGenes: IRCMp5012H1125D) CACCGAGCCTATATATCCTTTTG TTATTCTTTTCTCACAACTA

PENTR/D-TOPO_STIL deIN_441-1287 ¢DNA STIL (ImaGenes; IRCMp5012H1125D) CACCCTGCCTACTCCATTGGAA TTAAAATAATTTTGGTAACTGTCTG
pENTR/D-TOPO_STIL 1-1238 ¢DNA STIL (ImaGenes: IRCMp5012H1125D) CACCGAGCCTATATATCCTTTTG TTAAGTGAACTCTGCTTTCCCG
pPENTR/D-TOPO_STIL 1-1218 ¢DNA STIL (ImaGenes; IRCMp5012H1125D) CACCGAGCCTATATATCCTTTTG TTATAAGAAAGCTGGCT

pENTR/D-TOPO_STIL 1-1220 ¢DNA STIL (ImaGenes; IRCMpS5012H1125D) CACCGAGCCTATATATCCTTTTG TTACTTTACTAAGAAAGCTGGCTTTTCA
PENTR/D-TOPO_STIL 1-1155 ¢DNA STIL (ImaGenes; IRCMp5012H1125D) CACCGAGCCTATATATCCTTTTG TTACTGATTCAATAAATATTCACTCTTGCTATCT
pENTR/D-TOPO_STIL I-1104 ¢DNA STIL (ImaGenes: IRCMp5012H1125D) CACCGAGCCTATATATCCTTTTG TTATGTGCTTCTGTCTGTATTAATATG
PENTR/D-TOPO_STIL 1-1060 ¢DNA STIL (ImaGenes; IRCMpS012H1125D) CACCGAGCCTATATATCCTTTTG TTACAAATCCACACCATTGGGGCTTA

Entry vectors, generated via site-directed mutagenesis

Entry Vector Template Primers

PENTR/D-TOPO_STIL D1- pENTR/D-TOPO_STIL _1-1287 CCTAAGAGTTCATATCACTTCCGCGGAGAGTGCGGACAGTGTGGAATTTGACTTG
CAAGTCAAATTCCACACTGTCCGCACTCTCCGCGGAAGTGATATGAACTCTTAGG

PENTR/D-TOPO_STIL D2-  pENTR/D-TOPO_STIL _1-1287 GGGACTTATAAATATGGATATCTTACCATGGATGAAACAGCCAAATTGGCACTTTTGTTGGAATCTGATC
GATCAGATTCCAACAAAAGTGCCAATTTGGCTGTTTCATCCATGGTAAGATATCCATATTTATAAGTCCC

pENTR/D-TOPO_STIL D3- pENTR/D-TOPO_STIL _1-1287 CCTTGTGATGGCAAGATACCTGACTTTGCGTTTCAGGCGCTAACCAGTAAGGA
TCCTTACTGGTTAGCGCCTGAAACGCAAAGTCAGGTATCTTGCCATCACAAGG

PENTR/D-TOPO_STIL D4- pENTR/D-TOPO_STIL _1-1287 CCTCCTGACAAAAATCCAATCGCTTGTGAAGCGAGCGCTGAAAGCCAAAATG
CATTTTGGCTTTCAGCGCTCGCTTCACAAGCGATTGGATTTTTGTCAGGAGG

PENTR/D-TOPO_STIL D5- PENTR/D-TOPO_STIL _1-1287 CATGTCATTTGCAACCAAAAAATATATGAAGGCATATGGAGCCCTACAAAGCAGTGACAATAGTGAAG
CTTCACTATTGTCACTGCTTTGTAGGGCTCCATATGCCTTCATATATTTTTTGGTTGCAAATGACATG

PENTR/D-TOPO_STIL KEN- pENTR/D-TOPO_STIL 1-1287 GGAAAGCAGAGTTCACTCAACATCCTGAGGCAGCAGCTGAAGGGGACATTACAATTTTTCCTGAAA
TTTCAGGAAAAATTGTAATGTCCCCTTCAGCTGCTGCCTCAGGATGTTGAGTGAACTCTGCTTTCC

Expression vectors, generated via LR reactions

Expression Vector Entry Vector Dest Vector

pDEST pcDNA3.1_N3xFLAG STIL 1-1287 PENTR/D-TOPO_STIL 1-1287 PDEST pcDNA3.1 N3xFLAG
pDEST_peDNA3.1_N3xFLAG_STIL N-ter_1-440 pENTR/D-TOPO_STIL N-ter_1-440 pDEST _pcDNA3.1_N3xFLAG
pDEST pcDNA3.1_N3xFLAG_STIL central_441-880 pENTR/D-TOPO_Stil central_441-880 pDEST _pcDNA3.1_N3xFLAG
pDEST pcDNA3.1_N3xFLAG_STIL C-ter 881-1287  pENTR/D-TOPO_STIL C-ter 881-1287 pDEST pcDNA3.1_N3xFLAG
pDEST pcDNA3.1 N3xFLAG_STIL del C_1-880 pENTR/D-TOPO_STIL del C_1-880 pDEST pcDNA3.1 N3xFLAG
PDEST_pcDNA3.1_N3XFLAG_STIL deIN_441-1287 PENTR/D-TOPO_STIL delN_441-1287 pDEST pcDNA3.1 N3xFLAG
pDEST pcDNA3.1 N3xFLAG_STIL 1-1238 pENTR/D-TOPO_STIL 1-1238 pDEST pcDNA3.1 _N3xFLAG
pDEST _pcDNA3.1_N3xFLAG_STIL 1-1218 pENTR/D-TOPO_STIL 1-1218 pDEST pcDNA3.1_N3xFLAG
pDEST pcDNA3.1_N3xFLAG_STIL D1 - pENTR/D-TOPO_STIL D1 - pDEST pcDNA3.1_N3xFLAG
PDEST pcDNA3.1_N3xFLAG _STILD2 - pENTR/D-TOPO_STIL D2 - pDEST peDNA3.1_N3xFLAG
pDEST pcDNA3.1 N3xFLAG_STIL D3 - pENTR/D-TOPO_STIL D3 - pDEST pcDNA3.1 N3xFLAG
pDEST_peDNA3.1_N3xFLAG_STIL D4 - pPENTR/D-TOPO_STIL D4 - pDEST_pecDNA3.1_N3xFLAG
PDEST pcDNA3.1 N3xFLAG STIL DS - pENTR/D-TOPO_STIL D5 - PDEST pecDNA3.1 N3xFLAG
pDEST pcDNA3.1_N3xFLAG_STIL KEN - pENTR/D-TOPO_STIL KEN - pDEST pcDNA3.1_N3xFLAG
pExp_pcDNAS_FRT_TO_EGFP_S_STIL 1-1287 pENTR/D-TOPO_STIL 11287 pgLAP1 (Addgene plasmid 19702)
pExp_pcDNAS_FRT_TO_EGFP_S 1-1218 pENTR/D-TOPO_STIL 1-1218 peLAPI (Addgene plasmid 19702)
PExp_pcDNA3.1_EGFP_STIL 1-1287 PENTR/D-TOPO_STIL 1-1287 pDEST/pcDNA3.1_NEGFP
PExp_pcDNA3.1_EGFP_STIL 1-1238 PENTR/D-TOPO_STIL 1-1238 PDEST/pcDNA3.1_NEGEP
pExp_pcDNA3.1_EGFP_STIL I-1218 pENTR/D-TOPO_STIL 1-1218 pDEST/pcDNA3.1_NEGFP
pExp_pcDNA3.1_EGFP_STIL 1-1220 pENTR/D-TOPO_STIL 1-1220 pDEST/pcDNA3.1_NEGFP
pExp pcDNA3.1_EGFP_STIL I-1155 pENTR/D-TOPO_STIL 1-1155 pDEST/pcDNA3.1_ NEGFP
pExp_pcDNA3.1_EGFP_STIL 1-1104 pENTR/D-TOPO_STIL 1-1104 pDEST/pcDNA3.1_NEGFP
pExp_pcDNA3.1_EGFP_STIL 1-1060 pENTR/D-TOPO_STIL 1-1060 pDEST/pcDNA3.1_NEGFP
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DISCUSSION

5.1 On the Relation between SAS-5, Ana2 and STIL

The centriole duplication machinery was highly conserved in evolution. Components
that are required to form a new centriole have initially been identified by genetic
screens in C. elegans (Leidel and Gonczy, 2005). Whereas only five proteins are
necessary to form a centriole in this organism, additional duplication factors are
required to build a centriole in human cells (Nigg and Stearns, 2011). This suggests
the process in human cells to be more complex, but the basic principles of centriole
formation have been conserved, as most of the centriole duplication factors from
C. elegans are also present in human cells. However, one centriole duplication factor,
named SAS-5, has long been lacking any obvious counterpart outside of C. elegans.
Elegant work in Drosophila then revealed that a protein named Ana2 constitutes the
SAS-5 homolog in flies, and it has furthermore been proposed that a protein called
STIL might be the respective candidate in human cells (Stevens et al., 2010a).

We and others therefore started to investigate whether STIL is implicated in
centriole biogenesis of proliferating human cells, with a special focus on a possible
relation between STIL, Ana2 and SAS-5 (Arquint et al., 2012; Tang et al., 2011;
Vulprecht et al., 2012). Indeed, depletion of STIL from cells completely abrogated
centriole duplication, whereas STIL overexpression triggered the near-simultaneous
formation of multiple daughter centrioles around each pre-existing centriole (Figure
10). The same phenotype can be observed for two major centriole duplication factors,
Plk4 and HsSAS-6 (Habedanck et al., 2005; Kleylein-Sohn et al., 2007; Strnad et al.,
2007), which suggests that STIL has adopted a key function in assembly of human
centrioles. Furthermore, by immunofluorescence and electron microscopy, we and
others observed localization of STIL to the proximal procentriole region (Arquint et al.,
2012; LukinaviCius et al., 2013; Tang et al., 2011). This part of the centriole contains
the cartwheel structure, a template for centriole assembly that is formed by 9-fold
oligomerization of HsSAS-6 homodimers (Génczy, 2012). The localization of STIL to
the cartwheel region has furthermore been confirmed by prominent HsSAS-6 and
STIL co-localization (Arquint et al., 2012; LukinaviCius et al., 2013). We therefore
suggest that STIL constitutes a key centriole duplication factor in human cells that

cooperates with PIk4 and HsSAS-6 in cartwheel formation.
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Figure 10: STIL Depletion and Overexpression Phenotypes Schematic illustrations
showing the effects on centriole duplication in STIL depleted (top), unperturbed (middle) or
STIL overexpressing cells (bottom). After centriole duplication (G2 phase, right side) new
daughter centrioles were formed in orthogonal orientation to preexisting centrioles in
unperturbed cells (right side, middle). In STIL depleted G2 phase cells (right side, top),
daughter centrioles did not form. In STIL overexpressing G2 phase cells (right side, bottom),
several daughter centrioles formed simultaneously around both preexisting centrioles.

In contrast, two studies localized STIL to the PCM region of centrosomes (Pfaff et al.,
2007; Vulprecht et al., 2012), a finding that could not be reproduced in our hands
(Arquint et al., 2012). However, antibody specificity issues have not been completely
ruled out, which would be necessary before drawing definitive conclusions.
Furthermore, a localization of exogenous STIL to the PCM region was not observed

when ectopically expressing GFP-tagged STIL, which localizes as a ring around pre-
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existing centrioles to trigger the near-simultaneous formation of multiple daughter
centrioles (Arquint et al., 2012; Tang et al., 2011). We therefore suggest that STIL is
an integral part of newly formed centrioles, rather than a PCM component (Arquint et
al., 2012; LukinaviCius et al., 2013; Tang et al., 2011).

In summary, the above results confirm a relation between STIL, Ana2 and
SAS-5 in centriole formation. We suggest that the key functions of SAS-5, the
assembly of centriole scaffolds (central tube in C. elegans or cartwheel in Drosophila
and human cells), have been conserved in STIL. This also fits with results obtained
for Drosophila Ana2, which does specifically localize to daughter centrioles and
triggers the de novo formation of centriole-like structures, when overexpressed in
unfertilized Drosophila eggs (Stevens et al., 2010a).

However, not all the functions that have been described for C. elegans SAS-5
seem to be conserved in human STIL. For example, previous studies emphasized
that SAS-5 and SAS-6 are forming a stable complex in the cytoplasm of C. elegans,
which gets recruited to the site of procentriole formation at the G1/S phase transition
to form the central tube (Leidel et al., 2005). A similar, direct interaction was
observed for Ana2 and DSAS-6 (Stevens et al., 2010a). We therefore conducted a
series of co-immunoprecipitation experiments in HEK 293T cells in order to check for
an interaction between STIL and HsSAS-6. However, we were not able to detect
such an interaction (Arquint et al., 2012). Also, neither endogenous nor
overexpressed STIL was detected in endogenous SAS-6 immunoprecipitates (Arquint
et al., 2012). This makes it unlikely that STIL and HsSAS-6 form a stable complex in
the cytoplasm. STIL and HsSAS-6 might well interact at the cartwheel region, but
such a localized (and perhaps transient) interaction would be difficult to detect by co-
immunoprecipitation experiments. One study nevertheless managed to demonstrate
an interaction, albeit weak, in co-immunoprecipitation experiments, but contrary to
what has been shown in C. elegans or Drosophila, a direct interaction between the
two proteins was not observed (Tang et al.,, 2011). Furthermore, two studies have
revealed an interaction between STIL and CPAP (Tang et al., 2011; Vulprecht et al.,
2012), which has been confirmed to be of direct nature (Cottee et al., 2013;
Hatzopoulos et al., 2013; Tang et al., 2011). This latter interaction is evolutionarily
conserved and has also been observed between SAS-4 and Drosophila Ana2 and

C. elegans SAS-5. Furthermore, the interaction has been shown to be essential for
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centriole formation in Drosophila (Cottee et al., 2013) and in human cells (Kitagawa
et al., 2011a). Interestingly, a mutation in CPAP (E1235V) that is associated with
MCPH in humans interferes with binding to STIL (Tang et al., 2011), suggesting that
centriole duplication might be partially impaired in those patients (Kitagawa et al.,
2011a).

Also, C. elegans SAS-5 and SAS-6 mutually depend on each other for
centriolar localization (Leidel et al., 2005). Such a co-dependency on localization
could not be fully reproduced in our hands (Arquint et al., 2012). Even though STIL
was not localizing to centrioles in the absence of HsSAS-6, reduced levels of HsSAS-
6 were consistently detected at centrioles in STIL depleted cells. As HsSAS-6
disappears from centrioles at the end of mitosis and gets newly recruited to centrioles
at each G1/S phase transition, we are confident that this does not reflect remaining
HsSAS-6 that has been present at centrioles prior to depletion. This rather suggests
that cartwheels might be partially assembled in the absence of STIL, but stable
integration into procentrioles does not take place. However, this result is controversial
and has not been observed by others, which rather revealed a complete mutual
dependency for both HsSAS-6 and STIL on centriolar targeting (Tang et al., 2011;
Vulprecht et al., 2012). Therefore, this will need further experimentation.

Furthermore, there are prominent differences in the localization patterns of
STIL/Ana2 and SAS-5. Unlike Ana2 or STIL, that both localize specifically to daughter
centrioles, SAS-5 is present at daughter and mother centrioles. These discrepancies
could reflect differences in cartwheel and central tube stability. Whereas the
cartwheel (at least in vertebrate cells) is know to disassemble each cell cycle
transition and therefore is daughter centriole specific, the central tube (or at least
some components of it) might persist stably integrated into mother centrioles of

C. elegans.
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5.2 Do STIL and E2F Cooperate in Control of Centriole

Duplication?

Two years before STIL has been implicated in centriole biogenesis, it has been
revealed that STIL transcriptional expression is under tight control of the E2F1
transcription factor (Erez et al., 2008). Intriguingly, E2F transcription factors are, in
conjunction with Cdk2 Cyclin A or E, important controls that determine the timepoint
of centriole duplication as well as DNA replication towards the G1/S phase transition
(Meraldi et al., 1999). Therefore, STIL might provide an interesting link between

activation of E2F transcription factors and onset of centriole duplication.

5.3 Is STIL a Genuine Cartwheel Protein?

Our results, as well as those of others, unequivocally show that STIL localizes to the
cartwheel region of human centrioles (Arquint et al., 2012; LukinaviCius et al., 2013;
Tang et al., 2011). Furthermore, STIL is amongst the first components that get
recruited to the site of centriole formation, suggesting that it assists early on in
cartwheel assembly (Arquint et al., 2012). After its recruitment, STIL co-localizes with
HsSAS-6 to the proximal part of newly forming centrioles. Both STIL and HsSAS-6
centriolar levels increase towards mitosis (Arquint et al., 2012; Tang et al., 2011),
suggesting that cartwheel assembly continues in parallel to centriole elongation.
Finally, STIL and HsSAS-6 both disappear from centrioles in mitosis (Arquint and
Nigg, 2014; Arquint et al., 2012; Strnad et al., 2007), which is the time when
cartwheels disassemble. All these data are in line with STIL being a genuine
cartwheel component in human cells. Similar conclusions have been reached in
Drosophila, where ectopic Ana2 and DSAS-6 coassembled into tubules that
resembled the inner cartwheel structure (Stevens et al., 2010b).

From an evolutionary perspective, however, it seems possible that cartwheels

can form in the absence of STIL. STIL is highly conserved in vertebrates and is also
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found in some other metazoa, but it can not be readily identified in unicellular
organisms that use centrioles to build flagella, such as Trypanosomas or
Chlamydomonas (unpublished data). SAS-6, in contrast, is thought to be present in
any organism that forms centrioles. Also Cep135 or SAS-4 are highly conserved in
many unicellular organisms (Hodges et al., 2010). This suggests that STIL probably
evolved as an additional cartwheel component in metazoan organisms that assists
with SAS-6, CPAP and Plk4 in centriole formation.

5.4 Is STIL Required for Cartwheel Stability?

Both STIL and HsSAS-6 are completely removed from cells by proteasomal
degradation at the end of mitosis (Arquint et al., 2012; Izraeli et al., 1997; Strnad et
al., 2007; Tang et al., 2011), and the APC/C has been implicated in degradation of
both proteins (Arquint and Nigg, 2014; Arquint et al., 2012; Strnad et al., 2007). While
using a real-time based assay to monitor cell cycle regulation of GFP-STIL in a U20S
Flp-In T-Rex cell line, we were surprised to see that STIL disappears from centrioles
already in early mitosis (upon nuclear envelope breakdown), before it gets removed
by the APC/C (Arquint and Nigg, 2014). We first checked whether removal of
centriolar STIL would reflect proteasomal degradation, which was not the case. We
therefore suspected that posttranslational modifications might be involved in this
process. A prominent kinase that gets activated at this time in the cell cycle is
Cdk1/CyclinB. Indeed, several Cdk1 inhibitors potently blocked STIL removal from
centrioles (Arquint and Nigg, 2014). Although in a different context, previous studies
had already linked Cdk1 to STIL phosphorylation (Campaner et al., 2005). The
release of STIL from mitotic centrioles into the cytoplasm upon Cdk1 phosphorylation
is therefore the most likely scenario (Arquint and Nigg, 2014). However, we can not
exclude an indirect mechanism, and future work will have to reveal the exact
mechanism.

Importantly, these findings bear on our understanding of cartwheel
disassembly. The cartwheel of vertebrate centrioles is known to disassemble in

mitosis, but the exact timing and the underlying mechanisms are unknown. On the
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basis of our results, we propose that the translocation of STIL from centrioles into the
cytoplasm initiates cartwheel disassembly in early mitosis. SAS-6 is a major
cartwheel protein. We therefore carefully assessed HsSAS-6 centriolar levels at all
stages of mitosis. In line with our hypothesis, HsSAS-6 levels at centrioles gradually
decreased already upon mitotic entry and HsSAS-6 was completely lost from
centrioles in anaphase. We therefore propose that STIL removal from centrioles
destabilizes the cartwheel, which then disassembles throughout the rest of mitosis.
Cdk1 therefore allows for tight coupling of cartwheel disassembly with mitotic
progression, since this kinase is required for initiation of both processes.

In summary, all these data support a model according to which STIL is a factor
that positively regulates cartwheel stability, most probably in cooperation with
HsSAS-6, CPAP and Plk4. STIL is one of the first components to localize to the site
where cartwheels assemble and it might be required for stable integration of HsSAS-
6 into the proximal part of newly forming centrioles. Finally, dissociation of STIL from
mitotic centrioles, which is followed by release of centriolar HsSAS-6, might initiate

cartwheel disassembly.

5.5 APC/C-Mediated Degradation of STIL

Centriole amplification is a widespread characteristic of cancer cells where it is
predicted to promote genetic instability (Lingle et al., 2002; Nigg, 2002; 2006). Extra
centrosomes interfere with important cellular processes, such as MT organisation,
mitotic spindle formation or spindle orientation. Therefore, tight control over centriole
duplication is fundamental for cellular integrity.

Fluctuations of STIL protein levels in proliferating cells have been described as
early as 15 years ago (lzraeli et al., 1997) and levels of STIL are critical for
maintenance of correct centriole numbers (Arquint et al., 2012; Tang et al., 2009;
Vulprecht et al.,, 2012). We therefore analyzed the subcellular distribution of STIL
throughout the cell cycle. We found that STIL is completely absent in G1 phase cells

but gradually accumulates both in the cytoplasm and at centrioles from the G1/S
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phase transition to early mitosis (Arquint et al., 2014). At nuclear envelope
breakdown, STIL disappears from centrioles, whereas cytoplasmic STIL persists until
late anaphase, when it is subject to complete proteasomal degradation (Arquint et al.,
2012; Tang et al., 2011). A prominent ubiquitin ligase complex activated at this cell
cycle stage is the APC/C. RNAI experiments suggested that both APC/C activator
proteins Cdc20 and Cdh1 might contribute to STIL degradation (Arquint et al., 2012).
Activator proteins associate with the APC/C and bind respective substrate proteins
via short amino acid sequences, called D- or KEN boxes, to bring the E3 ubiquitin
ligase close to its substrates (Peters, 2006). Mutational analysis of five putative D-
and one putative KEN box revealed that only the KEN box was functional in terms of
STIL degradation (Arquint et al., 2012). Since KEN boxes are primarily targeted by
Cdh1, we propose that APC/C®" is the major mediator of STIL degradation, but
initial contribution of the APC/C®®® can not be fully excluded (Arquint et al., 2012).
Complete degradation of STIL (Arquint and Nigg, 2014; Arquint et al., 2012; Tang et
al.,, 2011), HsSAS-6 (Strnad et al., 2007) or CPAP (Tang et al., 2009) at the end of
mitosis might act as a reset mechanism to set levels of respective centriole
duplication factors to zero before a new round of centriole duplication is initiated. As
levels of all those duplication factors are critical to maintain correct centriole
numbers, this might prevent aberrant centriole formation.

Intriguingly, two nonsense mutations in STIL that are associated with MCPH
(p-Val1219X and p.GIn1239X) remove only a small part of the protein’s C-terminus
(Kumar et al., 2009), which includes the KEN box (Arquint et al., 2014). We thus
hypothesized that abrogation of STIL cell-cycle regulation could account for the
reduced brain size in corresponding patients via STIL stabilization and centriole
amplification (Figure 11). In line with this hypothesis, centriole amplification is indeed
sufficient to trigger microcephaly, as has been shown by overexpression of Plk4 in
the developing mouse central nervous system (Marthiens et al., 2013). We therefore

set out to experimentally test our hypothesis.
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5.6 STIL Microcephaly Mutations are Gain-of-Function

If our above hypothesis was true, the respective microcephaly mutations
(p-Val1219X, p.GIn1239X) should not abrogate the ability of STIL to function in
centriole duplication. We therefore checked whether removal of 49 or 69 amino acids
from the STIL C-terminus would interfere with its ability to trigger centriole
amplification. Overexpression of both truncations resulted in centriole amplification,
and we found that removal of up to 132 amino acids from the STIL C-terminus is well
tolerated in regard to centriole duplication (Arquint and Nigg, 2014). This suggests
that STIL microcephaly truncations retain functionality in centriole duplication, as has
also been observed by others (Vulprecht et al., 2012).

As a next step, it was important to assess in vivo whether STIL protein
truncations would sufficiently accumulate to trigger centriole amplification.
Unfortunately, we had no patient material available to check for STIL protein
stabilization or centriole amplification, but we emphasize that it will be of importance
to confirm our findings with patient material in future studies. We therefore generated
a U20S Flp-In T-Rex cell line expressing a truncated version of STIL (p.Val1219X)
and compared it to a cell line expressing wild type STIL. Clearly, mutant STIL
accumulated to sufficiently high levels to trigger robust centriole amplification,
whereas wild type STIL did not. Thus, removal of the KEN box from STIL in
proliferating cells does indeed result in centriole amplification (Arquint and Nigg,
2014).

Overall, the STIL mutations described here are not loss-, but rather gain-of-
function. At first glance, this result seems surprising, as most of the mutations that
occur in MCPH associated genes result in a loss-of-function phenotype, as is typical
of recessive diseases. In contrast, gain-of-function mutations are predicted to act in a
dominant fashion, because one copy of the mutated allele is often sufficient to trigger
a phenotype in heterozygous patients. Therefore, why would the disease phenotype
(microcephaly) not be visible in heterozygote individuals in our case? One possibility
is that one copy of mutated STIL is not enough to trigger STIL accumulation and

centriole amplification (partial dominance). Also, it has been shown that STIL forms
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dimers or higher order oligomers in vivo (Tang et al., 2011). Therefore, mutant and
wild-type STIL are most likely in a complex if both copies are present in an organism.
Wild type STIL might therefore provide its KEN box for degradation of the whole
complex, thereby rescue accumulation of mutant STIL. Only complete loss of the
KEN box in both alleles might therefore be sufficient to trigger robust centriole
amplification.

Besides the two STIL mutations analyzed here, two additional mutations have
been described in the literature (Kumar et al., 2009; Papari et al., 2013). Kumar and
co-workers described a third STIL mutation that is predicted to interfere with mRNA
splicing, but the consequences of this mutation are not easy to predict without
experimental verification. It was suggested that this splice site mutation would result
in a larger truncation from the STIL C-terminus, which, according to our experiments,
would abrogate the function of STIL in centriole duplication (Arquint and Nigg, 2014).
However, complete loss of STIL function in humans is likely to be fatal, as elimination
of STIL in both zebrafish and mice results in embryonic lethality (Izraeli et al., 1999;
Pfaff et al., 2007) Before reaching further conclusions, the exact outcome of this
mutation on mRNA splicing therefore will have to be experimentally tested. Also, a
missense mutation termed p.L798W has been described in another study (Papari et
al., 2013). This mutation does not delete the KEN box, which implies that loss of the
KEN box is probably not the only cause for microcephaly in STIL-related MCPH
patients. However, it could be that this mutation does trigger centriole amplification or

interfere with STIL degradation by other means.
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Figure 11: A Two Step Mechanism Results in Late Mitotic Degradation of STIL, which
is Abrogated by STIL MCPH Mutations (A) In early mitosis, Cdkl/Cyclin B drives
translocation of centrosomal STIL (red) into the cytoplasm. (B) In late mitosis, the APC/C
recognizes a KEN box on the C-terminus of STIL, which results in proteasomal degradation.
A STIL MCPH mutation (p.Val1219X) deletes the KEN box and renders STIL resistant to
degradation. (C) Schematic illustration depicting the early mitotic translocation of
centrosomal STIL (red) into the cytoplasm, followed by degradation of cytoplasmic STIL
(green) at the end of mitosis. (D) STIL p.Vall219X does also translocate from early mitotic
centrosomes into the cytoplasm, but is not degraded at mitotic exit. This results in centriole
amplification. Figure adapted from (Arquint and Nigg, 2014).
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5.7 Is Centriole Amplification a Root Cause of

Microcephaly?

So, how could centriole amplification caused by STIL mutations mechanistically result
in microcephaly? In our opinion, there are at least two possible explanations for how
such a phenotype could arise via centriole amplification. First, extra centrosomes in
neuroprogenitors are likely to interfere with mitotic spindle orientation, which is
important to keep the ratio between stem cells and differentiated cells in balance.
Therefore, spindle misorientation does reduce the neuroprogenitor pool (Noatynska
et al., 2012). Surprisingly, spindle misorientation was not evident in a developing
mouse brain overexpressing Plk4, which induced microcephaly via massive centriole
amplification (Marthiens et al., 2013). Instead, neuroprogenitors underwent extensive
cell death. Apoptosis is therefore an alternative explanation for how the
neuroprogenitor pool could be reduced. Apoptosis is likely to be triggered by defects
in bipolar spindle formation, which cause chromosome missegregation (Ganem et al.,
2009). In this regard, it is interesting to mention that mutations in a prominent
kinetochore protein, called CASC5 (KNL1), were also linked to MCPH (Genin et al.,
2012). Abrogation of kinetochore function is predicted to interfere with MT-
kinetochore attachments, which also results in genetic instability (Foley and Kapoor,
2013).

Therefore, both spindle misorientation and chromosome missegregation are
likely defects in a developing brain with extra centrosomes. However, at least in the
case described here (Arquint and Nigg, 2014), centriole amplification is predicted to
occur in cells throughout the body, and not only within the brain region. But why is
only the brain affected, whereas other parts of the body remain normal? Probably,
the answer to this question lies in the extraordinary ability of cells to cluster extra
centrioles, which allows for bipolar spindle formation in such contexts (Gergely and
Basto, 2008; Kwon et al., 2008; Ring et al., 1982). The ability of organisms to
withstand centriole amplification has been convincingly demonstrated in flies
overexpressing Plk4. Even though a majority of their cells harbored supernumerary

centrioles, these flies maintained a stable diploid genome over many generations,
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and only the asymmetric divisions of neuroprogentitors were compromised (Basto et
al., 2008). Therefore, in comparison to other cell types, neuroprogenitors might be
inefficient in centrosome clustering, which would render them especially susceptible
to perturbations in centriole numbers. However, results from Drosophila can not be
directly applied to vertebrates. Therefore, it will be interesting to check in future
whether centriole amplification in vertebrates might only affect brain development, or
also other organs.

Here, we demonstrate that primary microcephaly in patients with mutations in
STIL might likely underlie a centriole amplification phenotype (Arquint and Nigg,
2014), and centriole amplification in the mouse brain has been shown to be sufficient
to trigger microcephaly (Marthiens et al., 2013). However, it is clear that centriole
amplification is not the only cause of MCPH, and defects in other cellular pathways,
such as centriole maturation, cell cycle progression or DNA damage responses, have
all been linked to this disease (Kaindl et al., 2010; Thornton and Woods, 2009).
Finally, defects in completely different pathways might have a similar outcome. For
example, perturbation of DNA damage signaling has also been shown to cause
centriole amplification (Bourke et al., 2007). Regarding the growing list of mutated
genes involved in MCPH and the diversity of defects they might cause in affected
patients, it will be of great interest in future studies to define the underlying
mechanisms that might explain how all these defects converge into one common

phenotype.
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ABBREVIATIONS

APC/C: anaphase-promoting complex/cyclosome

Ana2: anastral spindle 2

ASPM: abnormal spindle-like, microcephaly-associated
ATR: ataxia telangiectasia and Rad3-related

ATRIP: ATR interacting protein

Bld10: basal body protein 10

CASCS5: cancer susceptibility candidate 5

CCDC78: coiled-coil domain containing 78

CDC: cell divison cycle

Cdh1: CDC20 homolog 1

Cdk: cyclin-dependent kinase

Cdk5rap2: CDK5 regulatory subunit-associated protein 2
CDT1: chromatin licensing and DNA replication factor 1
Cep/CP: centrosomal protein

CPAP: centrosomal P4.1-associated protein

CTL: cytotoxic T lymphocytes

C-Nap1: centrosomal Nek2-associated protein 1

Deup1: deuterosome protein 1

FBF1: fas-binding factor 1

FBXWS5: F-box/WD repeat-containing protein 5

HEK: human embryonic kideny

Kif24: kinesin familiy member 24

KNL-1: kinetochore-null protein 1

MCPH: autosomal recessive primary microcephaly
MOPDI: microcephalic osteodysplastic primordial dwarfism type |
MOPDII: microcephalic osteodysplastic primordial dwarfism type |l
MPS1: monopolar spindle protein 1

MT: microtubule

Nedd1: neural precursor cell expressed developmentally down-regulated protein 1
Nek2: never in mitosis A-related kinase 2

ODF2: outer dense fiber protein 2

ORC: origin recognition complex

PCM: pericentriolar material

PD: primordial dwarfism

PHC1: polyhomeotic-like 1

Pin1: peptidyl-prolyl cis-trans isomerase NIMA-interacting 1
Plk: polo-like kinase

PLP: pericentrin-like-protein

POC: protein of centriole

PP: protein phosphatase

RBBP8: retinoblastoma-binding protein 8

RNU4ATAC: RNA, U4atac small nuclear

SAS: spindle assembly abnormal

SCF: Skp, Cullin, F-box containing complex

SCL: stem cell leukemia

SCLT1: sodium channel and clathrin linker 1

Sfi1: suppressor of fermentation induced loss of stress resistance protein 1
Shh: sonic hedgehog

Slimb: supernumerary limbs
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snRNA: small nuclear ribonucleic acid

SPB: spindle pole body

SPD-2: spindle-defective protein 2

SPICE1: spindle and centriole-associated protein 1
STAN: STIL/Ana2 motif

STIL: SCL/TAL1 interrupting locus

Stu2: suppressor of tubulin 2

TAL1: T-cell acute lymphocytic leukemia protein 1
USP33: ubiquitin carboxyl-terminal hydrolase 33
WDR62: WD repeat domain 62

XMAP215: microtubule associated protein 215 kDa
ZNF335: zinc finger protein 335

ZYG-1: zygote defective protein 1

B -TrcP: beta-transducin repeat containing

Y -TuRC: gamma tubulin ring complex
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